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CHAPTER 1 
GENERAL INTRODUCTION 
 
INTRODUCTION 
 Prior to European settlement the Northeastern, mid-Atlantic, and Midwestern regions of the 
United States were dominated by white oak (Quercus alba) forests (Abrams 2003).  Their distribution 
continued to move westward as oak savannas and prairies in Iowa, southern Minnesota, eastern 
Oklahoma, and eastern Texas were converted to oak forests (Abrams 1992).  The range expansion of 
oaks was primarily a result of climatic changes which lowered air temperatures and increased 
precipitation causing a concomitant increase in fuel moisture and decrease in fire frequency (Abrams 
1992).  The decline in fire frequency, from every 1-10 years to every 8-12 years, enabled fire adapted 
oaks to establish and grow into larger size class trees while non-fire adapted species were killed 
(Abrams 1992, Abrams 2003, Parker and Ruffner 2004).  As a result, by the mid-1900s, white oak 
forests dominated much of the eastern and central United States (Abrams 1992). 
Once oak forests were established, they were maintained primarily by fires set by Native 
Americans and early European settlers (Abrams 2003). Native Americans used fire to manage 
vegetation, improve wildlife habitat, manipulate wildlife movement, eliminate pests, increase seed 
and berry supply, open visual and travel corridors, and as battle tactics (Day 1953). While early 
European settlers primarily used fire to clear forested areas for homesteads, charcoal production, 
railroad expansion, and to promote grasses for grazing (Cutter and Guyette 1994, Hutchinson et al. 
2003, Parker and Ruffner 2004).  Through the use of frequent, low-intensity burns, which occurred on 
average every 8-12 years just prior to settlement and every 2-4 years during settlement (Cutter and 
Guyette 1994), open forests were created and maintained.  The open nature of the forests allowed 
ample light penetration which promoted oak regeneration while the frequency of burning eliminated 
regeneration of fire intolerant species (Parker and Ruffner 2004).  As a result, forests comprised of 
almost pure stands of oak dominated the landscape; however, other fire adapted species such as 
hickory (Carya spp.) were also abundant (Parker and Ruffner 2004). 
After colonization, fire frequency decreased as towns implemented local burn bans and fire 
suppression became the new standard (Abrams 1986, Hutchinson et al. 2003). The decreased fire 
frequency began a slow and steady shift in forest composition and structure which overtime decreased 
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oak regeneration and favored shade-tolerant species (Cutter and Guyette 1994, Nowacki and Abrams 
2008).  By the mid-20th century 20-30% of the oak forests in the Northeast and Mid-Atlantic 
(Glitzenstein et al. 1990) and up to 81% in the Midwest (Fralish et al. 1991) were lost due to poor oak 
regeneration, harvesting, and conversion of land for agriculture. 
Fire suppression remained the main forest management goal until the 1980s when the U.S. 
Forest Service began to implement and promote prescribed burning as a management tool (Pyne 
1996). The interest in returning fire to degraded oak-hickory forests was to promote oak regeneration 
for ecological and commercial benefit while promoting understory vegetation and habitat 
characteristics associated with oak forests to the landscape (Tiedemann 2000, Rodewald 2003). 
Oaks are an important resource for many wildlife species and provide forage, cover, nesting 
habitat, and travel pathways.  Acorns are a highly valued food resource for wildlife because they have 
extremely high digestible energy content and can be cached for long periods (Perkins and Mautz 
1988, Rodewald 2003). As a result, acorns are an important food resource for many wildlife species 
including the white-footed mouse (Peromyscus leucopus). Oak leaves, snags (standing dead trees), 
and coarse woody debris (CWD), downed dead wood, also decompose at a slower rate than fire 
sensitive species providing cover, cavity nests, and travel pathways for wildlife for longer durations 
than non-fire adapted species.  
Oak wood is also valued for commercial furniture, flooring, and fuel wood (Johnson et al 
2002).  As a result of its versatility, oak is the most common hardwood timber species in the United 
States accounting for 125 billion cubic feet, 31% of all hardwood volume in 2006 (Smith 2009). In 
Iowa, white oak is the most commonly harvested species accounting for 20.6% of all harvested timber 
(Haugen and Michel 2009). Of the harvested lumber, on average 76% is saw logs, 11.7% is veneer 
logs, 12.2% is cooperage, and <1% is industrial fuel wood (Haugen and Michel 2009).  Although 
Iowa’s timber industry is small, accounting for <2% of all manufacturing state revenue, it contributes 
$3.9 billion annually to Iowa’s economy (Feeley 2010). 
Ecology of Quercus alba 
 White oaks are an early successional species that inhabit a wide range of climatic and 
environmental conditions.  White oaks forests are present in much of the eastern and central United 
States from southwest Maine to northern Florida and west to southeastern Minnesota and eastern 
Texas (Tirmenstein 1991).  Within their range white oaks can be found on all upland aspects and 
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slope positions, on soils derived from a variety of parent materials, and at any elevation below 
1,372m (Tirmenstein 1991).  However, white oaks do best in deep well-drained loamy soils at lower 
elevations (under 800m) with cool, temperate climatic conditions (Tirmenstein 1991).   
Due to the wide range of environmental and climatic conditions that oaks inhabit they are 
often associated with a variety of species compositions including 6 of Kuchler’s plant association 
categories (Kuchler 1964).  White oaks are the dominant or co-dominant species in the mixed 
mesophytic forests of the Northeast and mid-Atlantic; Appalachian oak, mixed mesophytic, and oak-
hickory-pine forests of the Appalachians; oak-hickory-pine, southern mixed, and southern floodplain 
forests of the South; and oak-hickory forests in the Midwest and central United States.  Oak-hickory 
forests are the dominant oak forest type in Iowa and are tall deciduous forests dominated by bitternut 
hickory (Carya cordiformis), shagbark hickory (Carya ovata), white oak, northern red oak (Quercus 
rubra), and black oak (Quercus velutina). 
 As an early successional species, white oak forest systems are largely maintained through 
disturbance, primarily burning, for which they are well-adapted.  White oaks have thick bark and are 
able to compartmentalize fire scars by forming tyloses, or outgrowths of the cell wall (Abrams 2003), 
which allows them to withstand more frequent fires than non-fire adapted species. White oaks also 
germinate in the fall and produce a deep, expansive root system with a large tap root prior to spring, 
when the majority of burning occurs, enabling them to survive more intense burns and resprout more 
quickly than spring germinating species (Abrams 1996, Johnson et al. 2002). Oak germination is also 
promoted by burning from the combustion of the leaf litter which increases nitrogen (N), phosphorous 
(P), and potassium (K) levels in the soil as well as acorn to soil contact (Reich et al. 1990, Abrams 
1996, Johnson et al. 2002). 
White oaks produce leaf litter and CWD that decay slower than non-fire adapted species 
further promoting fire, and in turn oak dominance.  White oak leaves have a low packing ratio, 
meaning their leaves are loosely packed on the forest floor, which allows air movement around the 
leaves for quick drying (Nowacki and Abrams 2008). In Addition, higher phenol content results in 
slower leaf decomposition rates because high penile content is often associated with low calcium (Ca) 
levels which deters herbivores (Nicolai 1988).  Dead oak logs and stumps also decompose at a slower 
rate than non-fire adapted species by releasing nitrogen at a slower rate which delays colonization by 
decomposing fungi (MacMillan 1988).  
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Prescribed Burning   
The use of prescribed burning for oak regeneration focuses on 1) reducing tree density and 
canopy cover through direct mortality of dominant fire-sensitive species, 2) reducing competition 
from fire-sensitive species in the understory via direct seedling mortality, and 3) creating a mineral 
seedbed conducive to oak regeneration (Hutchinson et al. 2005b). To accomplish these objectives, 
forest managers are using frequent (every 1-12 years), low-intensity prescribed burns as well as 
timber harvesting to mimic pre-European disturbance regimes. Returning fire to these systems has 
dramatically changed forest composition and structure in the overstory, midstory, and understory with 
the most apparent changes occurring in the under- and midstory (Franklin et al. 2003).      
Impact of prescribed burning on forest overstory 
 Frequent, low-intensity prescribed burns have been found to have little effect on the overstory 
of oak forests due to low overstory tree mortality (Elliott et al. 1999).  In fact, Blake and Schuette 
(2000) found that prescribed burning did not reduce the density, basal area, or richness of Missouri 
oak-hickory forests when low-intensity burns were conducted every other year for seven years.  
However, when the frequency or intensity of prescribed burning increased, the overstory basal area 
and percent canopy cover decreased (Wendel and Smith 1986, Hutchinson et al. 2005). However, 
reductions in basal area and canopy cover are short-lived. Alexander et al. (2008) found that 
decreases in canopy cover after repeated prescribed burns were no longer present the second growing 
season after burning. Brose and Van Lear (1998) found that no significant differences in density 
remained 2 years after a high-intensity fire.  To open the overstory canopy enough to allow sufficient 
light penetration for advanced oak regeneration, prolonged annual or frequent high-intensity 
prescribed burns may be necessary.  
Impact of prescribed burning on midstory 
 The midstory has been found to be reduced by frequent low-intensity prescribed burns 
(Arthur et al. 1998).  Arthur et al. (1998) were able to reduce the density and basal area of the 
midstory from single and repeated (2 burns in 4 years) prescribed burns, 3-5 growing seasons after 
prescribed burning in a Kentucky oak-pine forest. Although frequent low-intensity prescribed burns 
reduce the density of midstory vegetation, the effects are short lived (Hutchinson et al. 2005, Elliot 
and Vose 2010).  The short-term response has been hypothesized to be a result of a closed overstory 
canopy continuing to inhibit the growth of shade-intolerant species in the understory, such as oak 
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(Wendel and Smith 1986, Franklin et al. 2003).  However, the short-term effects on midstory density 
appear to be lengthened when burning occurs more frequently (Arthur et al. 1998, Hutchinson et al. 
2005). Bowles et al. (2007) reduced the density of small (<2.5cm DBH-diameter at breast height) 
advanced regeneration by 97% and by 38% for stems with a DBH between 5 and 10cm with 17 years 
of annual low-intensity burning.   
Impact of prescribed burning on the herbaceous layer 
 Fire impacts ground vegetation by killing aboveground stems which alters light (Kruger and 
Reich 1997, Hutchinson et al. 2005), water (Kruger and Reich 1997, Hutchinson et al. 2005), and 
nutrient availability (Gilliam 1988) on the forest floor, resulting in changes in species abundance 
(McGee et al. 1995), composition (Arthur et al. 1998), richness (Arthur et al. 1998), and diversity 
(Elliot et al. 1999, Franklin et al. 2003). Sparks et al. (1998) found that a single dormant season burn 
resulted in an increase in the density of legumes, forbs, and cool season grasses which increased 
species diversity regardless of fire intensity. Cook et al. (2008) were able to increase understory 
vegetation diversity and richness by increasing the percent cover and abundance of perennial forbs, 
sedges, ferns, and shrubs after consecutive low-intensity prescribed burns.  The effects of prescribed 
burning on the understory have been found to be consistent across burn frequencies over a short time 
scale but increases in species diversity tend to last longer when burns occur more frequently or are 
more intense (McGee et al. 1995).  Arthur et al. (1998) found that the herbaceous layer nearly 
doubled in percent cover after a single or consecutive burn, but that no significant differences were 
present between burn frequencies, i.e. 1 burn in 2 years or 2 burns in 2 years. However, Buell and 
Cantlon (1953) found that herbaceous percent cover was significantly greater in annually burned sites 
compared to single or periodically burned sites 5 years after burning. Ruokolainen and Salo (2009) 
found that species diversity significantly increased with increasing burn intensity with differences 
remaining apparent 10 years after burning. 
Impact of prescribed burning on CWD 
Coarse woody debris (CWD) can be significantly impacted by low-intensity surface fires 
(Knapp et al. 2005).  CWD is dead standing or downed wood larger than 2.5cm in diameter and may 
include such things as snags, downed logs, chunks of downed wood, downed branches, and coarse 
roots (Brown et al. 2003).  During a fire event, CWD combusts resulting in an initial decline in the 
volume of CWD (Kirkland et al. 1996, Brown et al. 2003).  Graham et al. (2005) found that 1 year 
after burning CWD was 70% lower than pre-burn conditions and Sparks et al. (1998) found that 
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CWD significantly decreased regardless of fire intensity.  The combustion of CWD, however, may 
not be consistent across decay classes (Table 1).  Stephens and Moghaddas (2005) found that decay 
classes 1 and 2 were unaffected by fire but that decay classes 3, 4, and 5 were significantly reduced.  
Knapp et al. (2005) found that prescribed burns were more likely to consume logs with lower 
moisture content than those with >25% moisture. Although the amount of CWD may be reduced the 
first year after burning by 3 years after a moderate to high-intensity fire, the volume of CWD 
increases due to the addition of trees killed during burning (Graham et al. 2005).  Graham et al. 
(2005) found that CWD increased on average 73% 3 years after a prescribed burn in an Ohio mixed-
oak forest.  The increase in CWD was attributed to an increase in the number of downed logs, branch 
fragments, and snags due to direct mortality of maples from fire.   
Table 1. Decay classification for coarse woody debris adapted from Stephens and Moghaddas (2005) 
Decay 
Class Structural integrity Wood Texture 
1 Sound Intact, no rot; conks on stem absent 
2 Heartwood sound, sapwood somewhat 
decayed 
Mostly intact; sapwood partly soft and starting to 
decay; wood cannot be pulled apart by hand 
3 Heartwood sound; log supports its 
weight 
Large, hard pieces sapwood can be pulled apart by 
hand 
4 Heartwood rotten; log does not support 
its weight, but shape is maintained 
Soft, small, blocky pieces; metal pin can push apart 
heartwood 
5 No structural integrity; no longer 
maintains shape 
Soft, powdery when dry 
 
White-footed Mice 
 White-footed mice are a generalist species that occupy the deciduous woodlands of eastern 
and central North America.  They are most abundant in mixed-oak hickory forests and utilize many of 
the habitat components that may be affected by prescribed burning including: canopy cover, shrub 
cover, herbaceous cover, and CWD. White-footed mice are also an important vertebrate host of the 
bacterium that causes Lyme disease.   
Ecology of white-footed mice 
 White-footed mice are generalists, using a broad array of habitat types, cover classes, and 
forages and as such are found in deciduous woodlands, shrubby roadsides, cultivated fields, and 
grassy areas (Kurta 2005).  The home range of a white-footed mouse is typically 0.1ha, with larger 
home ranges during the breeding season (Lackey et al. 1985). However, their home range size is 
highly dependent on forage availability and population density (Stickel 1968). 
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White-footed mouse habitat selection is closely associated with herbaceous cover which they 
rely on for protection from predators and forage (Kurta 2005).  The diet of the white-footed mouse is 
comprised of oak-hickory mast, fruits, seeds, and insects and varies by season (Batzli 1977). As a 
result of their preference for wildflower seeds and oak-hickory mast, white-footed mice often select 
habitats with abundant forb cover and mature oak and hickory trees (M’Closkey and Lajoie 1975, 
Barnum et al. 1992).   
White-footed mice rely heavily on CWD for movement corridors and protection from 
predators including: snakes, weasels, owls, hawks, and falcons (Aguilar 2002). The slow decaying 
nature of oak CWD allows it to remain available for travel (Greenberg et al. 2006), forage (Kirkland 
et al. 1990, Greenberg et al. 2006), cover (Greenberg et al. 2006), and nesting and refuge sites 
(Lackey et al. 1985) for longer periods of time. When using CWD for movement, white-footed mice 
prefer highly decayed logs, decay class 4 or 5 (Table 1), >5cm in diameter with a smooth, mossy 
covering because these logs dampen noise and are easier to traverse (Barnum et al. 1992). As a result, 
white-footed mice are often associated with areas of abundant, highly decayed logs and tend to avoid 
areas with limited CWD (Barnum et al. 1992, Manning and Edge 2004). 
 White-footed mice use ground and arboreal nests for rearing young (Lackey et al. 1985), 
predator protection (Barnum et al. 1992), and day refuges (Wolff and Durr 1986).  Ground nests are 
typically found under downed logs or inside stumps and are made of grass, leaves, hair, feathers, 
plant material, shredded bark, and moss (Edwards and Pitts 1952, Kurta 2005).  Ground nests are 
normally 15-25cm in diameter and are used year round (Madison et al. 1984, Kurta 2005).  Arboreal 
nests are located in pre-existing tree cavities, in live or dead trees, usually created by primary 
excavators including woodpeckers (Loeb 1996).  Although white-footed mice use both arboreal and 
ground nests, ground nests are used more often (Wolff and Durr 1986).  The frequent use of ground 
nests is a result of limited availability of exploitable arboreal nests because when arboreal nests 
become available, white-footed mice shift to arboreal nests (Wolff and Hurlbutt 1982, Dooley and 
Dueser 1990). In fact, Nicholson (1941) found that white-footed mice used arboreal nests more often 
than ground nests when equal numbers of artificial arboreal and ground nests were present and that 
significantly more litters were produced in artificial arboreal nests than in ground nests. The 
preferential use of arboreal nests may be a result of increased predator protection; however, this has 
not been studied. 
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 White-footed mice are fairly short-lived; however, during their 1 year life cycle they are able 
to produce up to 4 liters (Kurta 2005). Mating begins between late February and early March when 
the females enter estrous, lasting on average 6 days (Lackey et al. 1985).  During this period, male 
and female home ranges increase as they seek mates and females build nests (Ormiston 1983, Lackey 
et al. 1985).  Gestation usually lasts 22-23 days but can be extended up to 36-37 days if the female is 
lactating (Svihla 1932, Lackey et al. 1985).  Pregnancies typically result in 4 young; although, range 
2-7 (Lackey et al. 1985, Kurta 2005).  The young first leave the nest around 16 days of age and are 
weaned by 3-4 weeks (Burt and Grossenheider 1980, Lackey et al. 1985, Kurta 2005).  The mating 
season lasts until mid to late October; however, in the northern latitudes mating subsides for several 
months during mid-summer and then resumes again in late-August or early September (Burt and 
Grossenheider 1980, Lackey et al. 1985). The suppression of reproductive activity in northern 
latitudes has been hypothesized to be a result of decreased water availability and increased heat 
during June and July (Brown 1964).  
Impact of prescribed burning on white-footed mice 
 White-footed mice rely heavily on many of the habitat components affected by prescribed 
burning, particularly those in the understory.  The impact of prescribed burning on Peromyscus spp. 
abundance and survival has been inconsistent across studies with respect to which vegetation 
components (shrub, herbaceous, or CWD cover) most influence mouse abundance and survival 
(Krefting and Ahlgren 1974, Barnum et al. 1992, Kirkland et al. 1996, Converse et al. 2006, 
Greenberg et al. 2006, Zwolak and Foresman 2007). The inconsistencies are likely due to variation in 
cover and forage composition and structure which alters the relative importance of these different 
habitat features (Greenberg et al. 2006).  Specifically, trees, shrubs, herbs, and CWD all interact to 
provide multiple layers of forage and cover from predators.   
 In most studies, Peromyscus spp. abundance was reduced for 1-2 months post burning 
(Kitchings and Levy 1981, Tallmon et al. 2003, Manning and Edge 2004, Zwolak and Foresman 
2007, Tietje et al. 2008); however, other studies have found that Peromyscus spp. abundance was 
unaffected by prescribed burning (e.g. Ford et al. 1999).  Ford et al. (1999) attributed the lack of 
significant population change to burn heterogeneity causing a mosaic of burned and unburned 
patches, such that the burning had little impact on the overall vegetation cover.  However, in studies 
where prescribed burning significantly reduced forage availability and/or volume of CWD, 
Peromyscus spp. abundance has been found to decrease (Kirkland et al. 1996, Tietje et al. 2008).  
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Kirkland et al. (1996) hypothesized that reductions in Peromyscus spp. abundance after burning were 
a result of emigration speculated to be caused by CWD combustion which eliminated movement 
corridors, nest sites, and increased mouse visibility to predators. Tietje et al. (2008) found that 
Peromyscus spp. abundance decreased after prescribed burning from reduced survival and emigration 
which they hypothesized to be a result of understory combustion reducing forage availability while 
McGee (1982) attributed similar decreases to reduced reproductive potential from decreased forage 
availability. 
By 3 months after a spring prescribed burn, understory vegetation rebounds and mouse 
abundance generally has been observed to increase (Kirkland et al. 1996, Tietje et al. 2008, Zwolak 
and Foresman 2008). Krefting and Ahlgren (1974) hypothesized that this increase is due to 
immigration into burned areas to utilize the seed-producing species. Tietje et al. (2008) hypothesized 
that increased forage availability led to increased reproductive potential, and increased shrub cover 
led to increased survival. Converse et al. (2006) hypothesized that increased Peromyscus spp. density 
was a result of immigration due to decreased canopy cover. The differences in explanations among 
studies may be a result of differences in cover which provides protection from predators and forage 
(Kirkland et al. 1996, Converse et al. 2006).  Kirkland et al. (1996) found that when canopy and shrub 
cover were unaffected by prescribed burning the recovery of seed-reproducing species was strongly 
related to Peromyscus spp. abundance.  However, when canopy, shrub, and CWD cover decrease due 
to fire, Peromyscus spp. density is best predicted by canopy cover (Converse et al. 2006).  
The observed increase in mouse abundance after prescribed burning has been found to be 
short-lived (Ahlgren 1966, Olson et al. 2003, Converse et al. 2006). Differences in Peromyscus spp. 
abundance in burned areas relative to unburned areas has been found to be negligible 2 to 5 years 
after burning such that abundances return to pre-burn levels (Olson et al. 2003, Converse et al. 2006).  
For example, Olson et al. (2003) found that Peromyscus spp. abundance in big-sagebrush (Artemisia 
tridentate) dominated systems was significantly higher in the burned area than the unburned area in 
the first 5 years post burning, but by 5 years post burn the increased habitat complexity from the 
return of shrubs resulted in similar mouse abundances.  Ahlgren (1966) found that Peromyscus spp. 
abundance in a Minnesota jack pine forest returned to pre-burn levels by the second growing season 
post burn, which was attributed to decreased herbaceous cover in burned sites the second year post-
burning relative to the first year.  
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Lyme Disease (Borrelia burgdorferi) 
Lyme disease is the most common vector borne disease in the northern hemisphere (CDC 
2007) and is currently increasing in Iowa (Oliver et al. 2010).  Between 1996 and 2006 the number of 
human Lyme disease cases in Iowa increased from 1.2 cases per 100,000 people to 3.3 cases per 
100,000 people, with the highest concentrations occurring in Allamakee and Clayton counties (Oliver 
et al. 2010). Humans infected with Lyme disease can experience arthritis, facial paralysis, fatigue, and 
neurological and cardiac problems (CDC 2007). Lyme disease is caused by the spirochete bacterium 
Borrelia burgdorferi and is transmitted between blacklegged ticks (Ixodes scapularis) in the 
northeastern and north central United States and vertebrate hosts. Several wildlife species are 
competent vertebrate hosts for the bacterium including mice, birds, and small mammals; however, the 
white-footed mouse appears to be one of the most competent vertebrate hosts. The competence of the 
white-footed mouse is a result of its ability to tolerate repeated and complete tick feedings (Donahue 
et al. 1987) and obtain and maintain the bacterium throughout its life without significantly reducing 
its fitness (Anderson 1988, Ostfeld et al. 1996, Ogden et al. 2006). Regardless of vertebrate host, 
transmission of B. burgdorferi, from a tick to a vertebrate host or taken up by a tick during a blood 
meal, is most effective when the tick feeds to repletion, ≥72 hours (Piesman et al. 1987).   
The majority of human cases are transmitted by the nymphal life stage due to their generalist 
host selection, timing of peak activity, and small size relative to adult ticks (CDC 2007). Nymph 
blacklegged ticks, unlike larvae, will obtain blood meals from small as well as large mammals 
including humans. Nymphal blacklegged ticks are also most active in June, which coincides with high 
outdoor activity by humans (pers comm.: Mimi Habhab), compared to adult blacklegged ticks which 
are most active in April-May and October (Oliver et al. 2010). Nymphal blacklegged ticks are also 
harder to detect than adults due to their small size (1.6mm for a nymph and 2.6-3.5mm for adult 
males and females respectively) (CDC 2007, Oliver et al. 2010).   
The maintenance and transmission of the Lyme bacterium is largely dependent on the life 
cycle of the vector, the blacklegged tick, and its interactions with a competent vertebrate host (e.g. 
white-footed mouse), and the environment.  The life cycle of the blacklegged tick is characterized by 
4 distinct life stages: egg, larva, nymph, and adult.  In Iowa, this lifecycle is completed over a 2 year 
period. Larvae, in Iowa, emerge in May-June and await a host by lying on the leaf litter or on the tips 
of grasses and shrubs.  Once a vertebrate host, usually a mouse, bird, or another small mammal, 
comes into contact with the larva it will attach to the host and obtain a single blood meal.  If the 
vertebrate host carries the B. burgdorferi bacterium it will be taken up by the larval tick during the 
blood meal and the tick will remain infected for life (Ostfeld et al. 1995, Steere et al. 2005, CDC 
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2007).  After obtaining a blood meal the larva will drop off its host, molt into a nymph, and remain 
inactive in the leaf litter until the next spring. In Iowa, nymphs emerge in April-May and await a host 
(mice, birds, other small mammals, and occasionally larger mammals including humans) on the forest 
floor, grass blades, or shrubs and obtain a single blood meal, during which time the bacterium will be 
taken up by the tick if the vertebrate host is infected. However, if the nymph was infected as a larva it 
can transmit the bacterium to a competent host during blood-feeding. By late August, in Iowa, the 
nymph will molt into an adult and obtain a blood meal from a large mammal, often the white-tailed 
deer, Odocoileus virginianus (Main et al. 1982, Anderson et al. 1987, Ostfeld et al. 1995).  Although 
infected adult ticks will transmit the B. burgdorferi bacterium to deer, white-tailed deer do not serve 
as an amplification hosts for the bacterium (Telford et al. 1988, Mather et al. 1989, LoGuidice et al. 
2003). After the adult has obtained a blood meal, it will fall off its host and overwinter in the leaf 
litter.  In March it will emerge, lay its eggs in the leaf litter, and die (Stafford 2007).   
Larval and nymph blacklegged ticks have minimal water storage capacity and have relatively 
permeable cuticles making them sensitive to changes in relative humidity and susceptible to 
desiccation (Ginsberg and Stafford 2005).  As a result, blacklegged ticks rely heavily on leaf litter, 
duff, and understory cover for moisture control, questing (or awaiting a host), egg laying, and 
overwintering.  Due to their high water demand, changes in habitat characteristics that increase light 
penetration and reduce relative humidity, such as reductions in leaf litter, duff, or understory cover, 
can lead to substantial reductions in tick abundance. 
Impact of prescribed burning on Borrelia burgdorferi 
 We predict that the prevalence of B. burgdorferi will be significantly impacted by prescribed 
burning due to the combustion of leaf litter and understory vegetation which could alter the 
abundance of white-footed mice and blacklegged ticks.   
Prescribed burning has been found to reduce B. burgdorferi prevalence via direct tick 
mortality, indirect tick mortality, and tick emigration on emigrating white-footed mice (Stafford et al. 
1998). Direct mortality occurs when spring prescribed burns, carried out prior to nymph emergence, 
consume molted nymphs and eggs along with the leaf litter (Stafford et al. 1998). However, when 
burning occurs after nymph emergence, late May, only questing nymphs are consumed with the eggs 
while the attached nymphs emigrate with their host (Mather et al. 1993). Specifically, white-footed 
mice have been observed to emigrate after prescribed burning potentially due to a reduction in forage 
and cover (Kirkland et al. 1996, Tietje et al. 2008). As a result, when prescribed burning occurs after 
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nymphs emerge the ticks attached to a host will emigrate with their host out of the burned area. The 
emigration of white-footed mice has been hypothesized to decrease B. burgdorferi prevalence by 
removing the attached nymphs, leaving only surviving questing ticks in the burned area, which have a 
lower probability of infection. Indirect mortality occurs as a result of leaf litter and vegetation 
destruction increasing temperatures and decreasing relative humidity which increases the probability 
of tick desiccation an in turn mortality. Direct and indirect mortality decreases B. burgdorferi 
prevalence by reducing the number of nymphs prior to their obtaining a blood meal and thus the 
number of ticks feeding on a given vertebrate host decreases reducing the opportunities a vertebrate 
host has to obtain the bacterium (Stafford et al. 1998).  Reducing the number of hosts infected with B. 
burgdorferi prior to larval emergence and feeding decreases the number of larvae that become 
infected and in turn the number of infected nymphs the following year. 
 Although mouse and tick populations have been observed to decline immediately following 
prescribed burning, the reductions appear to be temporary.  By the first growing season post-burn (i.e.  
3 months after a spring burn), white-footed mouse populations have been observed to exceed pre-burn 
conditions through increased immigration and reproduction due to enhanced plant/forage growth from 
increased photosynthesis (Converse et al. 2006, Tietje et al. 2008).  As mice immigrate into the 
burned area they bring with them attached ticks.  The immigration of attached ticks on white-footed 
mice has been hypothesized to result in an increased abundance of ticks within the burned area 
compared to the first month post-burn and also an increased prevalence of B. burgdorferi in ticks 
because attached ticks have a higher probability of being infected than questing ticks (Mather et al. 
1993).  
 
OBJECTIVES AND OUTCOMES 
Due to the interconnectedness of prescribed burning, forest understory composition and 
structure, wildlife abundance and survival, and Lyme disease in oak forests, it is important to 
understand how manipulation of one of these components may affect another.  It is the purpose of this 
study to 1) determine the impact of burn completeness (i.e. percent burn) on understory vegetation 
and CWD, 2) characterize the influence of prescribed burning on the abundance and survival of P. 
leucopus specifically as a result of changes in forest composition and structure, and 3) determine the 
impact of prescribed burning on questing tick abundance and attached tick loads on white-footed 
mice and the potential implications of these changes to B. burgdorferi prevalence.   
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The results obtained from this study could assist land managers in the development of a 
multipurpose approach to oak forest management.  Specifically, the information gained on the impact 
of burn completeness on understory cover and CWD could provide information on the level of 
completeness required to impact species guilds (including invasive vegetation), volume of CWD, and 
decay level of CWD.  For example, if we find invasive vegetation to be negatively impacted by 
complete burns, managers could combine oak and invasive species management efforts by using 
complete prescribed burns when burning for oak regeneration. Conversely, if the volume of CWD 
decreases with increased burn completeness and CWD is required for a wildlife species of special 
concern then extra management efforts may be required to compensate for the loss in CWD from 
prescribed burning for oak regeneration. The results on the impact of prescribed burning on white-
footed mice could provide information on which habitat components are most important to white-
footed mice and thus what habitat components to focus management strategies on to impact white-
footed mouse populations. Similarly, if white-footed mouse abundance does significantly impact 
blacklegged tick abundance or attachment then the habitat components that had the largest impact on 
white-footed mouse abundance could be managed to decrease tick abundance and/or level of 
attachment via reductions in white-footed mouse abundance. The results from our investigation on 
tick populations and B. burgdorferi could provide insight into potential Lyme disease management 
strategies and thus prescribed burns could be timed according to nymph emergence.  Specifically, if 
we find tick abundance to decrease as a result of burning prior to nymph emergence then burning for 
oak regeneration could be conducted prior to nymph emergence to manage for Lyme disease.    
 
STUDY AREA 
The Brayton Memorial Forest is a 129.5ha research and demonstration site owned by Iowa 
State University (ISU) located 3 miles north of Hopkinton in Delaware County, Iowa in the northeast 
part of the state. The area is characterized by moderately rolling hills (5-25% slope) and a mixture of 
Dubuque and Nordness silt loam soils derived from deciduous forests (USDA soil survey of 
Delaware County 2009).  The region’s average weather includes: annual precipitation, 902mm; 
summer (June-August) precipitation, 324mm; annual snow fall, 115cm; growing season length (days 
between the last spring frost and the first fall frost), 162 days; and mean July temperature, 22˚C 
(NOAA National Virtual Data Systems). 
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The forest was donated to ISU forestry in 1949 by Emma L. Brayton and since that time it 
has been under the management of ISU Forestry Extension.  Since 1949, 4 forest management 
inventories have been conducted (1951, 1960, 1972, and 2008).  Between 1951 and 1960 several 
seedling plantings were conducted along with periodic cuttings for stand improvement.  To the best of 
our knowledge, no prescribed burns or wildfires have occurred on the site since it has been owned by 
ISU. 
 After 1960, no further management or monitoring of the forest was conducted until 1972, at 
which time a forest inventory was taken to create a forest management plan.  Major understory and 
canopy species were identified using 80 systematically distributed 20x20m permanent plots. The most 
abundant canopy species were white oak, red oak, black oak, pin oak (Q. palustris), elm (Ulmus spp.), 
and hickory (Carya spp.). The understory was dominated by wild filbert (Corylus spp.), gooseberry 
(Ribes spp.), sweet cicely (Osmorhiza longistylis), white oak, blue beech (Carpinus caroliniana), and 
woodland sedge (Carex spp.). 
 The most recent forest inventory was conducted in the summer of 2008 using the same 
20x20m permanent plots as in the 1972 inventory.  During the inventory, large shifts in species 
composition, as well as size class distributions were noticed.  Elm and hackberry had increased and 
were the dominant seedlings while oak and hickory regeneration appeared to be absent.  Using the 
2008 species inventory and the historical cutting maps an 8 ha study area was selected for this project.   
 
LITERATURE CITED 
Abrams, M.D., 1986. Historical development of galley forests in northeast Kansas. 
Vegetatio 65, 29-37. 
 
Abrams, M.D., 1992. Fire and the development of oak forests. Bioscience 42, 346-353. 
 
Abrams, M.D., 1996. Distribution, historical development and ecophysiological attributes of oak 
species in the eastern United States. Annals of Forest Science 53, 487-512. 
 
Abrams, M.D., 2003. Where has all the white oak gone? Bioscience 53, 927-939. 
 
Aguilar, S., 2002. Peromyscus leucopus. [Online.] Available at 
http://animaldiversity.ummz.umich.edu/site/accounts/information/Peromyscus_leucopus. 
html. 
 
 
15 
 
Ahlgren, C.E., 1966. Small mammals and reforestation following prescribed burning. Journal of 
Forestry 64, 614-618. 
 
Alexander, H.D., Arthur, M.A., Loftis, M.A., Green, S.R., 2008. Survival and growth of upland oak 
and co-occurring competitor seedlings following single and repeated prescribed fires. Forest 
Ecology and Management 256, 1021-2030. 
 
Anderson, J.F., 1988. Mammalian and avian reservoirs for Borrelia burgdorferi. Annals of the New 
York Academy of Sciences 539, 180-191. 
 
Anderson, J.F., Duray, P.H., Magnerelli, L.A., 1987. Prevalence of Borrelia burgdorferi in white 
footed mice and Ixodes dammini at Fort McCoy, Wis. Journal of Clinical Microbiology 25, 
1495-1497. 
 
Arthur, M.A., Paratley, R.D., Blankenship, B.A., 1998. Single and repeated fires affect survival and 
regeneration of woody and herbaceous species in an oak-pine forest. Journal of Torrey 
Botanical Society 125, 225-236. 
 
Barnes, T.A., Van Lear, D.H., 1998. Prescribed fire effects on advanced regeneration in mixed 
hardwood stands. Southern Journal of Applied Forestry 22, 138-142. 
 
Barnum, S.A., Manville, C.J., Tester, J.R., Carmen, W.J., 1992. Path selection by Peromyscus 
leucopus in the presence and absence of vegetation cover. Journal of Mammalogy 73, 797-
801. 
 
Batzli, G.O., 1977. Population dynamics of the white-footed mouse in floodplain and upland forests. 
American Midland Naturalist 97, 18-32. 
 
Bevis, K.R., Martin, S.K., 2002. Habitat preferences of primary cavity excavators in Washington’s 
east Cascades. USDA Forest Service General Technical Report PSW-GTR-181. 
 
Blake, J.G., Schuette, B., 2000. Restoration of an oak forest in east-central Missouri early effects of 
prescribed burning on woody vegetation. Forest Ecology and Management 139, 109-126. 
 
Bowles, M.L., Jacobs, K.A., Menglre, J.L., 2007. Long-term changes in an oak forest’s woody 
understory and herb layer with repeated burning. Journal of the Torrey Botanical Society 134, 
223-237. 
 
Brose, P.H., Van Lear, D.H., 1998. Responses of hardwood advance regeneration to seasonal 
prescribed fires in oak-dominated shelterwood stands. Canadian Journal of Forest Research 
28, 331-339. 
 
Brown, L.N., 1964. Reproduction of the brush mouse and white-footed mouse in the central United 
States. American Midland Naturalist 72, 226-240. 
 
Brown, J.K., Reinhardt, E.D., Kramer, K.A., 2003. Coarse woody debris: managing benefits and fire 
hazard in the recovering forest. USDA Forest Service, General Technical Report RMRS-
GTR-105. 
 
16 
 
Buell, M.F., Cantlon, J.E., 1953. Effects of prescribed burning on ground cover in the New Jersey 
pine region. Ecology 34, 520-528. 
 
Burt, W.H., Grossenheider, R.P., 1980. A field guide to mammals, third ed. Houghton Mufflin 
Company, Boston.  
 
CDC (Center for Disease Control), 2007. Lyme disease transmission. [Online.] Available at 
http://www.cdc.gov/ncidod/dvbid/lyme/ld_transmission.htm. 
 
Cook, J.E., Jensen, N., Galbraith, B., 2008. Compositional, cover, and diversity changes after 
prescribed fire in a mature eastern white pine forest. Botany 86, 1427-1439. 
 
Converse, S.J., Block, W.M., White, G.C., 2006. Small mammal population and habitat responses to 
forest thinning and prescribed fire. Forest Ecology and Management 228, 263-273. 
 
Cutter, B.E., Guyette, R. P., 1994. Fire frequency on an oak-hickory ridgetop in the 
Missouri Ozarks. American Midland Naturalist 132, 393-398. 
 
Day, G.M., 1953. The Indian as an ecological factor in the northeastern forest.  Ecology 34, 329-346. 
 
Donahue, J.G., Piesman, J., Spielman, A., 1987. Reservoir competence of white-footed mice for 
Lyme disease spirochetes. The American Journal of Tropical Medicine and Hygiene 36, 92-
96. 
 
Dooley, J.L., Dueser, R.D., 1996. Experimental tests of nest site competition in two Peromyscus 
species. Oceologia 105, 81-86. 
 
Edwards, R.L., Pitts, W.H., 1952. Dog locates winter nests of mammals. Journal of Mammalogy 33, 
243-244. 
 
Eilliot, K.J., Hendrick, R.L., Major, A.E., Vose, J.M., Swank, W.T., 1999. Vegetation dynamics after 
a prescribed fire in southern Appalachians. Forest Ecology and Management 114, 199-213. 
 
Elliot, K.J., Vose, J.M., 2010. Short-term effects of prescribed fire on mixed oak forests in the 
southern Appalachians: vegetation response. The Journal of Torrey Botanical Society 137, 
46-66. 
 
Feeley, T., 2010. Iowa’s forest health report, 2010. [Online.] Available at 
http://www.iowadnr.gov/forestry/files/fhr2010.pdf. 
 
Ford, W.M., Menzel, M.A., McGill, D.W., Laerm, J., McCay, T.S., 1999. Effects of a community 
restoration fire on small mammals and herpetofauna in the southern Appalachians. Forest 
Ecology and Management 22, 233-243. 
 
Fralish, J.S., Crooks, F.B., Chambers, J.L., Harty, F.M., 1991. Comparison of presettlement, second 
growth and old-growth forest on six site types in the Illinois Shawnee Hills. American 
Midland Naturalist 125, 294-309. 
 
17 
 
Franklin, S.B., Robertson, P.A., Fralish, J.S., 2003. Prescribed burning effects on upland Quercus
 forest structure and function. Forest Ecology and Management 184, 315-335.  
 
Gilliam, F.S., 1988. Interactions of fire with nutrients in the herbaceous layer of a nutrient-poor 
coastal plain forest. Bulletin of the Torrey Botanical Club 115, 265-271. 
 
Ginsberg, H.S., Stafford III, K.C., 2005. Management of ticks and tick-borne diseases, In: Tick-borne 
disease of humans. ASM Press, Washington D.C.  
 
Glitzenstein, J.S., Canham, C.D., McDonnell, M.J., Streng, D.R., 1990. Effects of environment and  
land-use history on upland forests of the Cary Arboretum, Hudson Valley, New York. 
Bulletin of the Torrey Botanical Club 117, 106-122. 
 
Graham, J.B., McCarthy, B.C., Ogles, B.M., 2005. Forest fuel and fire dynamics in mixed-oak forests 
of southeastern Ohio. M.S. Thesis, Ohio University. 
 
Greenberg, C.H., Otis, D.L., Waldrop, T.A., 2006. Response of white-footed mice (Peromyscus 
leucopus) to fire and fire surrogate fuel reduction treatments in a southern Appalachian 
hardwood forest. Forest Ecology and Management 234, 355-362. 
 
Haugen, D.E., Michel, D.D., 2009. Iowa timber industry – an assessment of timber product output 
and use. USDA Forest Service Research Bulletin NRS-28. 
 
Hutchinson, T.F., Boerner, R.E.J., Sutherland, S., Sutherland, E.K., Ortt, M., Iverson, L.R., 2005.  
Prescribed fire effects on the herbaceous layer of mixed-oak forests. Canadian  Journal of 
Forest Resources 35, 814-822.  
 
Hutchinson, T.F., Rubino, D., McCarthy, B. C., Sutherland, E. K., 2003. History of 
forests and land-use. USDA Forest Service Research Paper NE-299.  
 
Hutchinson, T.F., Sutherland, E.K., Yaussy, D.A., 2005b. Effects of repeated prescribed fires on the 
structure, composition, and regeneration of mixed-oak forests in Ohio. Forest Ecology and 
Management 218, 210-228. 
 
Johnson, P.S., Shifley, S.R., Rogers, R., 2002. The Ecology and Silviculture of Oaks. CABI 
Publishing, New York. 
 
Kirkland Jr., G.L., Snoddy, H.W., Amsler, T.L., 1996.  Impact of fire on small mammals and 
amphibians in a central Appalachian deciduous forest.  American Midland Naturalist 135, 
253–260. 
 
Kitchings, J.T., Levy, D.J., 1981. Habitat patterns in a small mammal community. Journal of 
Mammalogy 62, 814-820. 
 
Knapp, E.E., Keeley, J.E., Ballenger, E.A., Brennan, T.J., 2005. Fuel reduction and coarse woody 
debris dynamics with early season and late season prescribed fire in a Sierra Nevada mixed 
conifer forest. Forest Ecology and Management 208, 383-397. 
 
 
18 
 
Krefting, L.W., Ahlgren, C.E., 1974. Small mammals and vegetation changes after fire in a mixed 
conifer hardwood forest. Ecology 55, 1391-1398. 
 
Krueger, E.L., Reich, P.B., 1997. Responses of hardwood regeneration to fire in mesic forest opening 
I. post-fire community dynamics. Canadian Journal of Forest Research 27, 1822-1831. 
 
Kuchler, A.W., 1964. Potential natural vegetation of the conterminous United States. American 
Geographic Society Special Publication 36, New York. 
 
Kurta, A., 2005. Mammals of the great lakes region. The University of Michigan Press, Ann Arbor. 
 
Lackey, J.A., Huchaby, D.G., Orniston, B.G., 1985. Peromyscus leucopus. Mammalian Species 247, 
1-10. 
 
Loeb, S.C., 1996. The role of coarse woody debris in the ecology of southeastern mammals. In: 
Biodiversity and coarse woody debris in southern forests: Proceedings of the workshop on 
coarse woody debris in southern forests: effects on biodiversity. USDA Forest Service 
General Technical Report SE-94. 
 
LoGiudice, K., Ostfeld, R.S., Schmidt, K.A., 2003. The ecology of infectious disease: effects of host 
diversity and community composition on Lyme disease risk. Proceedings of the National 
Academy of Sciences of the United States of America 108, 567-571. 
 
MacMillan, P.C., 1988. Decomposition of coarse woody debris in an old-growth Indiana forest. 
Canadian Journal of Forest Resources 18, 1353-1362. 
 
Madison, D.M., Hill, J.P., Gleason, P.E., 1984. Seasonality in nesting behavior of Peromyscus 
leucopus. American Midland Naturalist 112, 201-204. 
 
Main, A.J., Carey, A.B., Carey, M.G., Goodwin, R.H., 1982. Immature Ixodes dammini 
(Acari: Ixodidae) on small animals in Connecticut, USA. Journal of Medical Entomology 19, 
655-664. 
 
Manning, J.A., Edge, W.D., 2004. Small mammal survival and downed wood at multiple scales in 
managed forests. Journal of Mammalogy 85, 87-96.  
 
Mather, T.N., Duffy, D.C., Campbell, S.R., 1993. An unexpected result from burning vegetation to 
reduce Lyme disease transmission risks. Journal of Medical Entomology 30, 642-645. 
 
Mather, T.N., Wilson, M.L., Moore, S.I., Ribeiro, J.M.C., Spielman, A., 1989. Comparing the relative 
potential of rodents as reservoirs of the Lyme disease spirochete (Borrelia burgdorferi). 
American Journal of Epidemiology 130, 143-150. 
 
McGee, J.M., 1982. Small mammal populations in an unburned and early fire succession sagebrush 
community. Journal of Range Management 35, 177-180. 
 
McGee, G.G., Leopold, D.J., Nyland, R.D., 1995. Understory response to springtime prescribed fire 
in two New York transition oak forests. Forest Ecology and Management 76, 149-168. 
 
19 
 
M’Closkey, R.T., Lajoie, D.T., 1975. Determinants of local distribution and abundance in white 
footed mice. Ecology 56, 467-472. 
 
Nicholson, A.J., 1941. The homes and social habitat of the wood-mouse (Peromyscus leucopus 
noveboracensis) in southern Michigan. American Midland Naturalist 25, 196-223. 
 
Nicolai, V., 1988. Phenolic and mineral content of leaves influences decomposition in European 
forest ecosystems. Oecologia 75, 575-579. 
 
NOAA-NCDC (National Oceanic and atmospheric Administration-National Climatic Data Center), 
2011. Quality controlled local climatological data, Independence, Iowa. [Online.] Available 
at http://cdo.ncdc.noaa.gov/qclcd/QCLCD. 
 
Nowacki, G.J., Abrams, M.D., 2008. The demise of fire and “mesophication” of forests in the eastern  
United States. Bioscience 58, 123-138. 
 
Ogden, N.H., Maarouf, M., Barker, I.K., Bigras-Poulin, M., Lindsay, L.R., Morshed, M.G., 
O’Callaghan, C.J., Ramay, F., Waltner-Toews, D., Charron, D.F., 2006. Climate change and 
the potential for range expansion of the Lyme disease vector Ixodes scapularis in Canada. 
International Journal of Parasitology 36, 63-70. 
 
Oliver, J., Holscher, K., Bartholomay, L., 2010. Ticks and tick-borne diseases in Iowa. [Online.] 
Available at http://www.extension.iastate.edu/Publications/PM2036.pdf. 
 
Olson, R.A., Perryman, B.L., Petersburg, S., Naumann, T., 2003. Fire effects on small mammal 
communities in Dinosaur National Monument. Western North American Naturalist 63, 50-55. 
 
Ormiston, B.G., 1983. Population and habitat dynamics of the white-footed mouse (Peromyscus 
leucopus). Ph.D. dissertation, State University of New York at Stony Brook. 
 
Ostfeld, R.S., Cepeda, O.M., Hazler, K.R., Miller, M.C., 1995. Ecology of Lyme disease: habitat 
association of ticks (Ixodes scapularis) in a rural landscape. Ecological Applications 5, 353-
361. 
 
Ostfeld, R.S., Miller, M.C., Hazler, K.R., 1996. Causes and consequences of tick (Ixodes scapularis) 
burdens on white-footed mice (Peromyscus leucopus). Journal of Mammalogy 77, 266-273. 
 
Parker, G.R., Ruffner, C.M., 2004. Current and historical forest conditions and disturbance regimes in 
the Hoosier-Shawnee ecological assessment area. In: The Hoosier-Shawnee ecological 
assessment. Ed. F.R. Thompson, III. USDA Forest Service General Technical Report NC-
244. 
 
Perkins, P.J., Mautz, W.W., 1988. Digestibility and nutritional value of autumn diets of deer. Journal 
of Wildlife Management 52, 328-332. 
 
Piesman, J., Mather, T.N., Sinsky, R.J., Spielman, A., 1987. Duration of tick attachment and Borrelia 
burgdorferi transmission. Journal of Clinical Microbiology 25, 557-558. 
 
Pyne, S.J., 1996. Introduction to wildland fire. John Wiley & Sons, New York. 
20 
 
Reich, P.B., Abrams, M.D., Ellsworth, D.S., Kruger, E.L., Tabone, T.J., 1990. Fire affects 
ecophysiology of community dynamics of central Wisconsin oak forest regeneration. Ecology 
71, 2179-2190. 
 
Rodewald, A.D., 2003. Decline of oak forests and implications for forest wildlife conservation. 
Natural Areas Journal 23, 368-371. 
 
Ruokolainen, L., Salo, K., 2009. The effects of fire intensity on vegetation succession on a sub-xeric 
heath during ten years after wildfire. Annales Botanici Fennici 46, 30-42. 
 
Smith, B.W., Miles, P.D., Perry, C.H., Pugh, S.A., 2009. Forest resources of the United States, 2007. 
USDA  Forest Service General Technical Report WO-78. Washington, DC. 
 
Sparks, J.C., Masters, R.E., Engle, D.M., Palmer, M.W., Bukenhofer, G.A., 1998. Effects of late 
growing season and late dormant-season prescribed fire on herbaceous vegetation in restored 
pine-grassland communities. Journal of Vegetation Science 9, 133-142. 
 
Stafford III, K.C., 2007. Tick management handbook. [Online.] Available at 
http://www.cdc.gov/ncidod/dvbid/lyme/resources/handbook.pdf. 
 
Stafford III, K.C., Ward, J.S., Magnarelli, L.A., 1998. Impact of controlled burns on the abundance of 
Ixodes scapularis (Acari: Ixodidae). Journal of Medical Entomology 35, 510-513.  
 
Steere, A.C., Coburn, J., Glickstein, L., 2005. Lyme borreliosis, In: Tick-borne disease of humans. 
ASM Press, Washington D.C.  
 
Stephens, S.L., Moghaddas, J.J., 2005. Fuel treatment effects on snags and coarse woody debris in a 
Sierra Nevada mixed conifer forest. Forest Ecology and Management 214, 53-64. 
 
Stickel, L.F., 1968. Home range and travels. In: Biology of Peromyscus (Rodentia). American 
Society of Mammalogists, New York. 
 
Svihla, A., 1932. A comparative life history study of the mice of the genus Peromyscus. University of 
Michigan Press, Ann Arbor. 
 
Tallmon, D.A., Jules, E.S., Radke, N.J., Mills, L.S., 2003. Of mice and men and trillium: cascading 
effects of forest fragmentation.  Ecological Applications 13, 1193-1203.  
 
Tanner, C.T., 2007. Tick burdens of Peromyscus leucopus and Borrelia infection rates in 
Ixodid ticks in a fragmented Virginia landscape. MS Thesis, Frostburg State University.  
 
Telford III, S.R., Mather, T.N., Moore, S.I., Wilson, M.L., Spielman, A., 1988. Incompetence of deer 
as reservoirs of the Lyme disease spirochete. American Journal of Tropical Medicine and 
Hygiene 39, 105-109. 
 
Tiedemann, A.R., Klemmedson, J.O., Bull, E.L., 2000. Solution of forest health problems with 
prescribed fire: are forest productivity and wildlife at risk? Forest Ecology and Management 
127, 1-18. 
 
21 
 
Tietje, W.D., Lee, D.E., Vreeland, J.K., 2008. Survival and abundance of three species of mice in 
relation to density of shrubs and prescribed fire in understory of an oak woodland in 
California. The Southwestern Naturalist 53, 357-369. 
Tirmenstein, D.A., 1991. Quercus alba. In: Fire effects information system, [Online].  
 Available at http://www.fs.fed.us/database/feis/. 
 
USDA Soil Survey, 2009. Delaware County, Iowa. [Online.] Available at 
http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx. 
 
Wendel, G.W., Smith, H.C., 1986. Effects of prescribed fire in a central Appalachian oak-hickory 
stand. USDA Forest Service General Technical Report NE-RP-594.  
 
Wolff, J.O., Durr, D.S., 1986. Winter nesting behavior of Peromyscus leucopus and Peromyscus 
maniculatus. Journal of Mammalogy 67, 409-412. 
 
Wolff, J.O., Hurlbutt, B. 1982. Day refuges of Peromyscus leucopus and Peromyscus maniculatus. 
Journal of Mammalogy 63, 666-668. 
 
Zwolak, R., Foresman, K.R., 2007. Effects of stand-replacing fire on small-mammal communities in 
montane forest. Canadian Journal of Zoology 85, 815-822. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
22 
 
CHAPTER 2 
IMPACT OF PRESCRIBED BURNING FOR OAK REGNERATION ON FOREST 
UNDERSTORY AND COARSE WOODY DEBRIS 
 
ABSTRACT 
Midwestern deciduous forests were historically dominated by disturbance-dependent oak 
species (Quercus spp.). Fire suppression in the mid-late 20th century, however, caused oaks to 
decline as fire intolerant species, such as elm (Ulmus spp.), became dominant. Since the 1980s, 
prescribed burning has vastly increased in an attempt to improve oak regeneration and dominance. 
We examined the effects of 2 consecutive spring burns on forest understory composition and coarse 
woody debris (CWD) volume and level of decay. Species diversity and richness significantly 
decreased as percent burn increased but only in 2010. Understory vegetation showed varying 
responses to percent burn and year indicating that multiple factors, such as differences in average 
percent burn between years (54% in 2009 and 25% in 2010) and the cumulative effects of burning 
(i.e. burning the same sites in 2009 and 2010), may be playing an important role in the observed 
vegetation response to prescribed burning. Volume and decay level of CWD did not vary by percent 
burn or between years.  
 
INTRODUCTION 
Interest in and application of prescribed burning to regenerate oak stands has vastly increased 
in the last 20-30 years in an effort to increase the distribution of the white oak (Quercus alba) forest 
ecosystem (Pyne 1996).  The resurgence in interest in white oak forest management is largely due to 
the importance of the oak ecosystem for wildlife habitat and timber.  White oak forests provide 
valuable forage, cover, nesting habitat, and travel pathways for many birds and small mammals.  
White oak timber is also one of the most commercially harvested species accounting for 31% of all 
hardwood volume in the US in 2006 (Smith 2009) and 20.6% of all harvested timber in Iowa in 2005 
(Haugen and Michel 2009). 
The perpetuation of white oak forests is largely driven by disturbance, historically fire, due to 
their early successional, fire-adapted life history (Johnson et al. 2002, Abrams 2003). Today oak 
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forests are maintained by shelterwood and clearcut harvesting (Brose and Van Lear 1998).  White oak 
forests were abundant prior to European settlement when frequent, low-intensity burns occurred from 
natural and anthropogenic sources (Abrams 2003). The dominance of oaks continued through early 
European settlement as the frequency of fire increased, from a fire every 8-12 years to a fire every 2-4 
years (Cutter and Guyette 1994, Parker and Ruffner 2004), as settlers used fire to clear forested land 
for agriculture and to increase grass abundance for grazing (Cutter and Guyette 1994, Hutchinson et 
al. 2003, Parker and Ruffner 2004).  The open forests that promoted oak regeneration and dominance 
resulted in almost pure stands of oak with other fire adapted species such as hickory (Carya spp.) also 
abundant (Parker and Ruffner 2004). 
Frequent burns promoted oak regeneration by direct mortality of non-fire adapted species in 
the overstory resulting in increased amounts of light reaching the understory and by combusting the 
leaf litter resulting in increased acorn germination success (Abrams 1996).  Bare soil increases the 
amount of acorn to soil contact and the amount of nitrogen (N), phosphorous (P), and potassium (K) 
in the soil which promotes oak growth (Reich et al. 1990, Abrams 1996, Johnson et al. 2002).   Fall 
root development and the capability to root collar sprout, or sprout from dormant buds at the top of 
the roots just below the soil surface (Johnson et al. 2002), gave white oak seedlings a competitive 
advantage over non-fire adapted species (Abrams 1996). White oak’s thick bark and ability to 
compartmentalize fire scars through the formation of tyloses, outgrowths of the cell wall in response 
to injury, also allowed them to withstand more frequent fires than non-fire adapted species (Abrams 
2003).  
After European settlement, fire frequency decreased as oak forests were cut down for 
homesteads, town expansion, railroad construction, and the charcoal industry. Oak forest decline was 
exacerbated by the implementation of local burn bans and fire suppression (Abrams 1986, Hutchinson 
et al. 2003). The decreased fire frequency began a shift in forest composition and structure from 
predominately oak-hickory to more shade-tolerant and fire-intolerant species, such as elm (Ulmus 
spp.) and maple (Acer spp.) (Abrams 1992, Parker and Ruffner 2004). The shift in species 
composition decreased the amount of understory light penetration and, in turn, oak regeneration 
resulting in a negative feedback loop (Abrams 1992, Parker and Ruffner 2004). Specifically, as 
shade-tolerant species became established they altered the site’s environmental conditions by limiting 
air movement, increasing relative humidity, and decreasing light levels which led to a decrease in leaf 
litter flammability (Nauertz et al. 2004, Nowacki and Abrams 2008).  The decrease in flammability 
occurs because shade-tolerant leaves decompose faster than oak leaves and adhere to the forest floor 
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trapping moisture thereby increasing fuel moisture (Nowacki and Abrams, 2008).  Shade-tolerant 
species also decrease the forest’s flammability by having downed woody debris that decays more 
quickly via rapid fragmentation (Tyrrell and Crow 1994, Nowacki and Abrams 2008). By the mid-
20th century, 20-30% of the oak forests in the Northeast and Mid-Atlantic (Glitzenstein et al. 1990) 
and up to 81% in the Midwest (Fralish et al. 1991) were lost due to poor oak regeneration, harvesting, 
and conversion of land for agriculture (Abrams 2003). 
In order to increase white oak forest distribution, forest managers are attempting to mimic 
pre-European fire regimes. Forest managers are focusing on 1) reducing tree density and canopy 
cover through direct mortality of dominant fire-sensitive species, 2) reducing competition from fire-
sensitive species in the understory via direct seedling mortality, and 3) creating a mineral seedbed 
conducive to oak regeneration (Hutchinson et al. 2005b).  
 Returning to pre-European fire regimes has the potential to significantly impact understory 
cover and CWD by altering light and water levels at the ground floor by reducing overstory cover, 
increasing soil nutrient content and exposure via leaf litter combustion, and direct combustion of 
CWD (Brown 1960, Reich et al. 1990, Blake and Schuette 2000, Franklin et al. 2003, Hutchinson et 
al. 2005).  The increase in soil nutrients, light availability, and water availability has been found to 
significantly increase species abundance (McGee et al. 1995), composition (Arthur et al. 1998), 
richness (Arthur et al. 1998), and diversity (Elliot et al. 1999, Franklin et al. 2003). Species richness is 
the number of unique species within an area while evenness is the relative abundance of a species 
within an area (Wilsey and Stirling 2007). Species diversity is a comprehensive measurement of the 
number of species within an area as well as their relative distribution. Sparks et al. (1998) found that a 
single dormant season burn resulted in an increase in the density of legumes, forbs, and cool season 
grasses leading to an increase in species diversity regardless of fire intensity. Cook et al. (2008) found 
increased diversity and richness due to increased percent cover and abundance of perennial forbs, 
sedges, ferns, and shrubs after consecutive low-intensity prescribed burns.  The effects of prescribed 
burning on the understory have been found to be consistent across burn frequencies over a short time-
scale but increases in species diversity tend to last longer when burns occur more frequently or are 
more intense (McGee 2003).  Arthur et al. (1998) found that the herbaceous layer nearly doubled in 
percent cover after a single or consecutive burn, but that no significant differences were present 
between burn frequencies. However, Buell and Cantlon (1953) found that herbaceous percent cover 
was significantly greater in annually burned sites compared to single or periodically burned sites 5 
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years after burning. Ruokolainen and Salo (2009) found that species diversity significantly increased 
with increases in burn intensity with differences remaining apparent 10 years after burning. 
Coarse woody debris (CWD), much like ground vegetation, can be significantly impacted by 
low-intensity surface fires (Knapp et al. 2005).  CWD is dead standing or downed wood larger than 
2.5cm in diameter and may include such things as snags, downed logs, chunks of downed wood, 
downed branches, and coarse roots (Jarvis and McNaughton 1986, Brown et al. 2003).  During a fire, 
CWD combusts resulting in an initial decrease in CWD volume (Kirkland et al. 1996, Brown et al. 
2003).  Graham et al. (2005) found that 1 year after burning CWD decreased by 70% in an Ohio 
mixed-oak forest. Stephens and Moghaddas (2005) found that decay classes 1 and 2 were unaffected 
by fire but that decay classes 3, 4, and 5 were significantly reduced (Table 1).  Knapp et al. (2005) 
found that prescribed burns were more likely to consume logs with lower moisture content than those 
with >25% moisture. Although the amount of CWD may be reduced the first year after burning, by 3 
years after a moderate to high-intensity fire, the volume of CWD increases from the addition of trees 
killed by fire (Kirkland et al. 1996, Brown et al. 2003, Graham et al. 2005).  Graham et al. (2005) 
found that CWD was, on average, 73% higher 3 years after burning in an Ohio mixed-oak forest.  The 
increase in CWD was attributed to an increase in the number of downed logs, branch fragments, and 
snags due to changes in species composition brought about by direct mortality of maples.   
Table 1. Decay classification for coarse woody debris adapted from Stephens and Moghaddas (2005) 
Decay 
Class Structural integrity Wood Texture 
1 Sound Intact, no rot; conks on stem absent 
2 Heartwood sound, sapwood somewhat 
decayed 
Mostly intact; sapwood partly soft and starting to 
decay; wood cannot be pulled apart by hand 
3 Heartwood sound; log supports its 
weight 
Large, hard pieces sapwood can be pulled apart by 
hand 
4 Heartwood rotten; log does not support 
its weight, but shape is maintained 
Soft, small, blocky pieces; metal pin can push apart 
heartwood 
5 No structural integrity; no longer 
maintains shape 
Soft, powdery when dry 
 
The objective of this study was to assess the impact of low-intensity prescribed burns on 
forest understory and CWD. We investigated the impact of prescribed burning on 1) forest understory 
vegetation composition and structure, 2) volume of coarse woody debris, 3) level of coarse woody 
debris decay, and 4) the spatial distribution of rare species. 
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METHODS 
Study Site 
This study was conducted at the Brayton Memorial Forest, a 129.5ha research and 
demonstration site owned by Iowa State University (ISU), located 3 miles north of Hopkinton in 
Delaware County, Iowa.  The area is characterized by moderately rolling hills (5-25% slope) and a 
mixture of Dubuque and Nordness silt loam soils derived from deciduous forests (USDA soil survey 
of Delaware County 2009).  The region’s average weather includes: annual precipitation, 902mm; 
summer (June-August) precipitation, 324mm; annual snow fall, 115cm; growing season length (days 
between the last spring frost and the first fall frost), 162 days; and mean July temperature, 22˚C 
(NOAA National Virtual Data Systems).  
The forest has been under the management of ISU Forestry Extension since 1949.  Since 
obtaining the forest, management has included seedling plantings in 1951 and 1960 and periodic 
cuttings for stand improvement.  To the best of our knowledge, no prescribed burns or wildfires have 
occurred on the site since it has been owned by ISU. 
For this study, 4-2 ha study sites were selected based off of the Brayton Memorial Forest 
Inventory and historical cutting maps; there are 6 permanent plots in each site. 3 of the 4 sites were 
burned in April of 2009 and 2010.  1 of the sites was left unburned to serve as a control. The study 
area is characterized by a white oak-shagbark hickory (Carya ovata) dominated canopy with an 
average canopy cover of 64% (range: 20-79%) and an elm, hackberry (Celtis occidentalis) dominated 
mid and understory (Table 2). Minimal oak regeneration was present in the understory at the start of 
the study.    
Table 2. Average percent canopy cover in 2010* by site˚ 
Site Percent Cover 
B1 54.6 
B2 63.6 
B3 72.1 
C 66.5 
*Canopy cover was estimated at each 20x20m corner post in 2010 using a spherical densitometer 
˚B1, B2, and B3 were burned in 2009 and 2010 and C was left unburned to serve as the control 
 
Prescribed Burning 
 Prescribed burns were conducted on April 17, 2009 and April 22, 2010 in 3 of the study sites 
using strip backing fires, fires that burn into the wind (Pyne 1996), ignited with drip torches. The burn 
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dates were selected based on weather conditions, vegetation state, and crew availability.  The desired 
weather conditions were southerly winds between 16-24kph, ambient air temperatures around 20˚C, 
and relative humidity between 25-50%. To promote understory combustion, prescribed burns were 
conducted after snow melt but prior to vegetation green-up.  To investigate the impact of prescribed 
burning on understory vegetation and CWD, the 6 20x20m permanent plots in each site were burned 
independently, to ensure that the entire plot burned as thoroughly as possible. Within 1 month of the 
burn, each of the 6 20x20m permanent plots in each site was revisited and the percent burn (amount 
of black earth) was visually estimated by the same observer in 2009 and 2010.  
Habitat Sampling 
 All sampling (i.e. overstory, understory, CWD) was conducted within the 6 20x20m 
permanent plots in each site.  The 20x20m permanent plots were 20m apart with a 40m buffer from 
the site’s boundaries to reduce edge effects.   
 Overstory basal area data were collected the first week in June in 2009 and 2010 using prism 
plots.  Each prism plot was centered on the northwest corner post of the 20x20m permanent plots.  All 
“in” trees were identified to species and their DBH (diameter at breast height) was recorded. 
 Understory sampling was conducted during the peak of the growing season (July) in 2009 
and 2010.  Percent cover of each species was visually estimated and assigned to a functional group: 
forb, invasive, wood nettle (Laportea canadensis), vine, fern, seedling, shrub, or grass and sedge.  
The forb functional group included all native, non-invasive herbaceous cover while the invasive 
group included all non-native invasives. Shrub cover included all non-tree, woody vegetation less 
than 5m tall and seedlings included all tree species <0.5m tall. All seven functional groups were 
combined to form a total understory cover group. Each functional group was summed across species 
to obtain a total percent cover for each 20x20m permanent plot in 2009 and 2010.   
CWD sampling was conducted after the first frost, October 2009 and 2010, to eliminate 
visual obstruction from understory vegetation.  Both volume of CWD and mode decay level of CWD 
were calculated.  The volume of CWD was calculated by summing the volume of each individual log 
at least 1m in length and 10cm in diameter within each permanent plot.  The volume of each log was 
calculated using the log’s diameter at the base and top of the log and its length following the 
methodology presented in McGee et al. (1999) (Equation 1).  The mode level of decay was calculated 
by taking the mode level of CWD decay within each permanent plot in 2009 and 2010.  CWD decay 
was classified based on the methodology presented in Stephens and Moghaddas (2005) (Table 1).  
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Equation 1: Equation used to determine the volume of each log of CWD where l=log length, r=base 
diameter, and R= top diameter 
 
 
Statistical Analysis 
Species Composition 
Species composition (all understory species) was compared along a) a gradient of percent 
burns and b) between years was analyzed at the permanent plot level using the Shannon-Weiner index 
of diversity (H’) (Equation 2) and species richness (S) (Shannon and Weaver 1963). Because the 
Shannon-Weiner diversity index accounts for species evenness we did not calculate evenness 
separately (Fowler et al. 1998).   
Equation 2: Shannon-Weaver index of diversity used to determine species diversity where 
pi=proportion of a unique species within a permanent plot 
 
 
Species diversity and richness were compared using full factorial simple linear regression 
models, 1 each for diversity and richness, in program JMP (statistical software JMP 8.0.1, SAS 
Foundation of Statistical Computing, 2009).  For each model, species diversity or richness was the 
response variable and percent burn and year were the explanatory variables. If the interaction term 
had a p-value > 0.25 it was eliminated and the model was re-run (Bancroft 1968). Prior to analysis, 
species diversity and richness were tested for normality. Significance was determined at α=0.05. 
Overstory Basal Area, Understory Cover, and Volume of CWD 
Simple linear regression was used to evaluate the relationship between percent burn and 
overstory basal area, total percent cover of each functional group, or total volume of CWD within 
each 20x20m permanent plot in program JMP. For each functional group, a full factorial model was 
run with the functional group, basal area, or volume of CWD as the response variable and percent 
burn and year as the explanatory variables. If the interaction term had a p-value > 0.25 it was 
eliminated and the model was re-run (Bancroft 1968). Prior to analysis all response variables were 
normalized. We were unable to normalize fern percent cover; as a result, we converted fern cover to 
presence/absence data and analyzed it using a logistic regression with a binomial distribution by a) 
percent burn and b) year. Significance was determined at α=0.05. 
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Coarse Woody Debris Decay 
 A fisher’s exact test was used to compare mode decay level among percent burns using the 
number of permanent plots within a decay level for each percent burn (statistical software R 2.12.0, R 
Foundation of Statistical Computing, 2010). Fisher’s exact test was also used to compare the mode 
decay level of CWD between years using the number of permanent plots within each decay class for 
2009 and 2010. 
Species Area Curves 
 To compare the rate at which unique species were observed in the burned vs. unburned sites, 
species area curves were created.  Species area curves use a logarithmic function of area to determine 
the sampling area required to observe rare species (MacArthur and Wilson 1967).  Specifically, we 
evaluated the number of rare species found within 400, 800, 1200, 1600, 2000, and 2400m
2
, which is 
equivalent to 1-6 permanent plots, by randomly selecting, with replacement, the number of unique 
species found within each sampling area 10 times by site (B1, B2, B3, and C) and year (2009 and 
2010) using program R. To compare between treatments, we accounted for the difference in sampling 
size between the burn and control by averaging each of the 10 random samples from B1, B2, and B3 
for each sampling area (400-2400m
2
).  
 To determine the sampling area required to observe 90% of the unique species within each 
treatment, we calculated the function of the species area curve by treatment (average burn and 
control) in 2009 and 2010 and solved for 90% of the total number of unique species observed.  
 
RESULTS 
Prescribed Burning 
Weather conditions on the days of burning were characterized by southerly winds between 5-
21kph, ambient air temperatures of 18.9-22.2˚C, and relative humidity between 33 and 56% (Table 
3).  The completeness of burns varied across the 20x20m plots and across sites with an average 
percent burn of 54% in 2009 and 25% in 2010 (Table 4). 
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Table 3. Date, time, and weather conditions during the prescribed burns obtained from the 
Independence, IA weather station 
Date Time 
Temperature 
(˚C) 
Dew 
Point 
Wind 
Direction 
Wind Speed 
(kph) 
Relative 
Humidity 
Sky 
Conditions 
4/17/2009 1200 19 36 S 13 38 Clear 
 1300 20 36 SE 5 38 Clear 
 1400 21 34 SE 8 36 Clear 
 1500 22 32 S 19 34 Clear 
 1600 22 28 S 11 33 Clear 
 1700 22 21 SE 14 34 Clear 
 1800 22 21 SE 13 35 Clear 
 1900 20 23 SE 8 38 Clear 
        
4/22/2010 1100 19 52 VARIABLE 5 56 Clear 
 1200 19 50 VARIABLE 5 47 Clear 
 1300 29 49 S 11 40 Clear 
 1400 21 48 SW 21 40 Clear 
 1500 21 49 S 8 38 Clear 
 1600 21 49 S 10 38 Clear 
 1700 21 50 SW 11 42 Clear 
 
Table 4. Percent burned* for each of the 20x20m permanent plots within the burned area (B1, B2, 
and B3) in 2009 and 2010 1 month after the burn 
  Percent Burn 
Site Plot 2009 2010 
B1 1 70 25 
 2 75 15 
 3 85 10 
 4 85 25 
 5 85 35 
 6 95 25 
B2 1 95 55 
 2 80 65 
 3 70 40 
 4 35 50 
 5 50 25 
 6 60 15 
B3 1 45 20 
 2 1 2 
 3 0 2 
 4 10 25 
 5 10 2 
 6 25 6 
*Percent burns were visually estimated as the amount of black earth 
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Overstory Basal Area 
 Overstory basal area in each 20x20m plot in 2009 ranged from 13.5-33.8m
2
/ha with an 
average of 24.9±1.1 m
2
/ha (Table 5). In 2010 the average overstory basal area in each 20x20m plot 
was 22.3±1.1 m
2
/ha with a range of 9-31.5 m
2
/ha. 
Table 5. Average basal area (m
2
/ha) in 2009 and 2010 by site*  
Site 2009 2010 
B1 25.9 21.0 
B2 22.5 19.9 
B3 24.8 24.4 
C 26.6 24.0 
*B1, B2, and B3 were burned in 2009 and 2010 and C was left unburned to serve as the control 
 
 Overstory basal area was not significantly different as a function of percent burn or between 
years (Table 6). 
Table 6. Results* from linear regression analysis of year and percent burn on overstory basal area 
within each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 24.1 1.1 21.8 <0.001 
Year[2009] 1.5 0.8 1.8 0.08 
Percent Burn -0.02 0.03 -0.6 0.55 
*The interaction term (year[2009]*percent burn[-29.4661]) was eliminated because p-value=0.63 
 
Understory Species Composition 
In 2009, we observed 23 forb (native and invasive) species, 6 seedling species, 5 fern species, 
5 vine species, and 3 shrub species across the 20x20m permanent plots (Appendix A). Species 
diversity within the 20x20m permanent plots ranged from 1.8 to 2.8 with an average of 2.4 and 
richness ranged from 18 to 28 (average=23) species per permanent plot (Table 7). In 2010, we 
observed 29 forb (native and invasive) species, 7 seedling species, 5 fern species, 5 vine species, and 
5 shrub species across the 20x20m permanent plots (Appendix A).  Species diversity within the 
20x20m permanent plots ranged from 1.8 to 3.0 with an average of 2.6 and richness ranged from 18 
to 33 (average=27) species per permanent plot (Table 7).  
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Table 7. Species diversity (H’) and richness (S) within each 20x20m permanent plot in 2009 and 
2010 by site 
    2009   2010 
Site Plot Diversity Richness 
 
Diversity Richness 
B1 1 2.7 24 
 
2.9 30 
 
2 2.6 21 
 
2.9 32 
 
3 2.8 24 
 
3.0 33 
 
4 2.6 22 
 
2.5 22 
 
5 2.4 23 
 
2.5 23 
 
6 2.2 23 
 
2.7 28 
B2 1 1.8 18 
 
1.8 18 
 
2 2.1 22 
 
2.4 21 
 
3 2.6 19 
 
2.5 24 
 
4 2.6 26 
 
2.8 27 
 
5 2.2 23 
 
2.5 28 
 
6 2.5 26 
 
2.6 24 
B3 1 2.3 21 
 
2.5 24 
 
2 2.4 19 
 
2.9 31 
 
3 2.4 20 
 
2.7 29 
 
4 1.8 22 
 
2.8 29 
 
5 2.5 25 
 
2.8 31 
 
6 2.1 20 
 
2.5 26 
C 1 2.8 24 
 
2.8 28 
 
2 2.8 26 
 
2.8 28 
 
3 2.8 26 
 
2.9 29 
 
4 2.4 20 
 
2.4 26 
 
5 2.5 28 
 
2.8 31 
 
6 1.8 23 
 
2.7 30 
 
Species diversity significantly decreased with increases in percent burn and showed a 
marginally significant interaction between percent burn and year (Table 8). Species richness showed a 
significant year by percent burn interaction such that richness significantly decreased with increases 
in percent burn but only in 2010 (Table 9). 
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Table 8. Results from linear regression analysis of year and percent burn on species diversity within 
each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 2.6 0.1 46.0 <0.001 
Year[2009] -0.1 0.04 -2.0 0.06 
Percent Burn -0.004 0.002 -2.2 0.03 
Year[2009]*(Percent Burn-29.4661) 0.003 0.002 2.0 0.05 
 
 Table 9. Results from linear regression analysis of year and percent burn on total species richness 
within each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 26.5 0.6 45.8 <0.001 
Year[2009] -1.4 0.4 -3.2 0.003 
Percent Burn -0.1 0.01 -4.4 <0.001 
Year[2009]*(Percent Burn-29.4661) 0.1 0.01 3.5 0.001 
 
Understory Cover 
 We found variable effects of percent burn and year on understory vegetation cover.  Total 
log-transformed understory, log-transformed forb, and log-transformed vine percent covers did not 
significantly differ by percent burn but were significantly higher in 2010 than 2009 (Tables 10, 11, 
12). Log-transformed grass and sedge showed a significant percent burn by year interaction such that 
percent cover decreased with increases in percent burn in 2010 but did not change with percent burn 
in 2009 (Table 13, Figure 1).  Square root-transformed shrub cover also decreased with increases in 
percent burn in 2010 but did not change with percent burn in 2009 (Table 14, Figure 2). Log-
transformed seedling percent cover differed significantly between years and across percent burns. 
Seedling percent cover decreased with increases in percent burn and was significantly higher in 2009 
than 2010 (Table 15, Figure 3).  Fern presence decreased as percent burn increased, but did not differ 
between years (Table 16, Figure 4).  Log-transformed invasive and normally distributed wood nettle 
percent covers were not significantly different among percent burns or between years (Tables 17 and 
18).  However, invasive percent cover marginally decreased with increases in percent burn 
(estimate=-0.01, p-value=0.06). 
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Table 10. Results from linear regression analysis of year and percent burn on log-transformed 
understory cover within each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 5.5 0.1 86.6 <0.001 
Year[2009] -0.2 0.1 -3.4 0.002 
Percent Burn 0.001 0.002 0.5 0.63 
Year[2009]*(Percent Burn-29.4661) 0.003 0.002 1.7 0.10 
 
Table 11. Results from linear regression analysis of year and percent burn on log-transformed forb 
cover within each 20x20m permanent plot 
Term Estimate SE t ratio p-value 
Intercept 4.8 0.1 64.3 <0.001 
Year[2009] -0.2 0.1 -2.7 0.01 
Percent Burn 0.003 0.002 1.2 0.25 
Year[2009]*(Percent Burn-29.4661) 0.003 0.002 1.5 0.14 
 
Table 12. Results* from linear regression analysis of year and percent burn on square root-
transformed vine cover within each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 4.9 0.4 13.5 <0.001 
Year (2009) -1.2 0.3 -4.3 <0.001  
Percent Burn -0.0001 0.01 -0.02 0.98 
* The interaction term (year[2009]*percent burn[-29.4661]) was eliminated because the p-value=0.31 
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Table 13. Results from linear regression analysis of year and percent burn on log-transformed grass 
and sedge cover within each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 1.4 0.1 11.2 <0.001 
Year[2009] -0.7 0.1 -6.6 <0.001 
Percent Burn -0.004 0.004 -1.1 0.27 
Year[2009]*(Percent Burn-29.4661) 0.01 0.004 2.5 0.02 
 
Figure 1. Average, non-transformed*, percent cover of grass and sedge within each 20x20m 
permanent plot as a function of percent burn in 2009 and 2010                                                                                                                      
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*All analyses on grass and sedge percent cover were conducted using log-transformed data 
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Table 14. Results from linear regression analysis of year and percent burn on square root-transformed 
shrub cover within each 20x20m permanent plot 
Term Estimate SE t ratio p-value 
Intercept 4.3 0.3 13.3 <0.001 
Year[2009] -0.6 0.3 -2.3 0.03 
Percent Burn -0.02 0.01 -1.6 0.11 
Year[2009]*(Percent Burn-29.4661) 0.02 0.01 2.2 0.04 
 
Figure 2. Average, non-transformed*, percent cover of shrubs within each 20x20m permanent plot as 
a function of percent burn in 2009 and 2010                                                                                                                            
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*All analyses on shrub percent cover were conducted using square root-transformed data 
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Table 15. Results from linear regression analysis of year and percent burn on log-transformed 
seedling cover within each 20x20m permanent plot 
Term Estimate SE t ratio p-value 
Intercept 2.1 0.2 13.6 <0.001 
Year[2009] 0.3 0.1 2.6 0.01 
Percent Burn -0.01 0.01 -3.1 0.003 
Year[2009]*(Percent Burn-29.4661) 0.01 0.01 1.7 0.09 
 
Figure 3. Average, non-transformed*, percent cover of seedlings within each 20x20m permanent plot 
as a function of percent burn in 2009 and 2010                                                                                                            
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*All analyses on seedling percent cover were conducted using log-transformed data 
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Table 16. Results from the regression analysis of year and percent burn on fern presence* within each 
20x20m permanent plot 
Term Estimate SE 
L-R Chi 
Square p-value 
Intercept 1.5 0.5 10.2 0.001 
Year (2009) 0.3 0.4 0.6 0.45 
Percent Burn -0.03 0.02 6.3 0.01 
Year(2009)*(Percent Burn-29.4661) 0.02 0.02 1.6 0.21 
*Ferns were analyzed using presence/absence data 
 
Figure 4. Average, non-transformed, percent cover of ferns within each permanent plot as a function 
of percent burn in 2009 and 2010 
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*All analyses on fern percent cover were conducted using presence/absence data 
 
Table 17. Results* from linear regression analysis of year and percent burn on log-transformed 
invasive cover within each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 2.4 0.2 12.8 <0.001 
Year (2009) -0.1 0.1 -0.8 0.43 
Percent Burn -0.01 0.01 -1.9 0.06 
*The interaction term (year[2009]*percent burn[-29.4661]) was eliminated because p-value=0.75 
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Table 18. Results* from linear regression analysis of year and percent burn on wood nettle cover 
within each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 44.9 4.6 9.8 <0.001 
Year (2009) -4.1 3.4 -1.2 0.24 
Percent Burn 0.2 0.1 1.8 0.09 
*The interaction term (year[2009]*percent burn[-29.4661]) was eliminated because p-value=0.82 
 
Coarse Woody Debris (CWD) 
In 2009, the average volume of CWD was 9.3±1.8 m
3
ha
-1 
and ranged from 0.7 to 38.3m
3
ha
-1
 
(Figure 5). In 2010, the average volume of CWD was 10.2±2.0m
3
ha
-1 
and ranged from 0.5-45.3 m
3
ha
-
1 
(Figure 5). 
Figure 5. Average, non-transformed˚, volume of CWD with standard errors* in 2009 and 2010 by 
percent burn (control=no burn, low =1-30% consumed, medium =31-60% consumed, and high =61-
100% consumed)                                                                                                                                                                
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˚All analyses on volume of CWD were conducted using log-transformed data  
*The high level of percent burn in 2010 does not have a standard error because only 1 permanent plot 
had a percent burn ≥61%                                                                                                                                                                          
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 The volume of CWD was not significantly different as a function of percent burn or between 
years (Table 19).  The mode level of CWD decay did not significantly differ by percent burn (p=0.97) 
or between years (p=0.66) (Figure 6). 
Table 19.  Results* from linear regression analysis of year and percent burn on log-transformed 
volume of CWD within each 20x20m permanent plot 
Term Estimate SE t Ratio p-value 
Intercept 2.0 0.2 9.7 <0.001 
Year[2009] 0.1 0.2 0.3 0.75 
Percent Burn -0.01 0.01 -1.4 0.18 
*The interaction term (year[2009]*percent burn[-29.4661]) was eliminated because p-value=0.8 
 
Figure 6. Number of permanent plots with a mode decay level of 2, 3, or 4 (1 and 5 were not 
included because no permanent plots had a mode decay class of 1 or 5) 
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Species Area Curves 
In 2009, on average 32 unique species were found within the study area. In the burned area 
33% more area had to be sampled than the control to observe 90% of the unique species (1731.7m
2
 
and 1153.5m
2
 respectively) (Figure 7).  
Figure 7. 2009 species area curves for the total number of unique species observed within burned and 
control areas with the line function and area required to sample 90% of the unique species* 
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In 2010, on average 37 unique species were found within the 6-20x20m permanent plots 
(2400m
2
) in each burned site whereas 40 unique species were found within the same area in the 
control. 4% less area had to be sampled in the burned area than the control to observe 90% of the 
unique species (1929.5m
2
 and 2019.5m
2
 respectively) (Figure 8).  
 
 
 
Y=1.92ln(x) + 15.263 
Y=3.36ln(x) + 3.743 
* * 
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Figure 8. 2010 species area curves for the total number of unique species observed within burned and 
control areas with the line function and area required to sample 90% of the unique species* 
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DISCUSSION 
 Our research indicates that species richness and diversity decreased as the level of percent 
burn increased in 2010 (Tables 8 and 9).  This decrease is likely due to the compound effects of 
consecutive burns in combination with a lack of increased canopy openness. Specifically, during a 
low to moderate-intensity fire understory vegetation is top-killed, where the above ground portion of 
the plant is killed, which has been found to decrease richness and diversity when canopy openness 
does not increase (Elliot et al. 1999).  Elliot et al. (1999) found that species diversity and richness 
significantly increased the first growing season post burning when 31% of the canopy was killed; 
* 
Y=3.197ln(x) +9.112 
Y=3.891ln(x) +6.387 
* 
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however, when only 3% of the canopy was killed species diversity and richness decreased.  Elliot et 
al. (1999) attributed the difference to differences in light and water availability.  Opening the forest 
canopy increases the amount of light and water that reaches the forest floor which promotes 
understory regeneration and colonization by new species (Scheller and Mladenoff 2002, Bartemucci 
et al. 2006). As a result, the lower richness/diversity we observed at high percent burns in 2010 may 
be a result of the understory vegetation being top-killed in 2009 as well as 2010 without increasing 
light and water availability enough to allow for vigorous regeneration which may have been further 
promoted by the higher percent burns occurring in the same permanent plots in both years (Tables 2 
and 4). Our data further support this hypothesis through the sampling area required to observe 90% of 
the species. Specifically, in 2009, when species diversity did not significantly vary by percent burn, a 
larger sampling area was required in the burned area than the unburned area to observe 90% of the 
unique species (1731.7m
2 
and 1153.5m
2 
respectively).  In 2010, however, when species diversity 
significantly decreased with percent burn, a smaller sampling area was required to observe 90% of the 
species in the burned area than the control (1929.5m
2
 and 2019.5m
2 
respectively) which indicates that 
fewer species were present in the burned area compared to the unburned area (37 unique species, on 
average, were found in the burned area and 40 unique species were found in the control). However, it 
is important to note that our species area curves for 2010 never reached their respective asymptotes 
indicating that a large enough area was not sampled to observe the rare species (Figure 8, Appendix 
A). 
The annual variation in understory percent cover in this study may be a result of burn 
frequency, which has been observed in previous studies (Tester 1989, White et al. 1991, Arthur et al. 
1998). Arthur et al. (1998) found that species richness was higher on twice burned sites than single 
burned sites due to increased forb, seedling, fern, shrub, and vine cover.  Tester (1989) also found that 
forb cover significantly increased with burn frequency when comparing an unburned area to areas 
burned 2-19 times over 20 years.  Unlike Arthur et al (1998) and Tester (1989), we were unable to 
directly compare a once burned site to a twice burned site since all sites were burned twice.  
However, to the best of our knowledge, no prescribed burns or wildfires have occurred in recent 
history on the study site prior to 2009 and thus our 2009 burn may represent the effects of a single 
prescribed burn and our 2010 may represent consecutive burns.  
The impact of consecutive prescribed burns may have also interacted with percent burn to 
result in the observed variation between years, particularly for shrubs, grasses, and sedges which 
showed a significant year by percent burn interaction and seedlings which varied significantly by both 
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year and percent burn.  Specifically, during the second prescribed burn, 2010, which had a lower 
average percent burn, the percent cover of shrubs, grasses, and sedges significantly decreased with 
increasing percent burn.  The lower percent burns in 2010 may have caused less understory 
vegetation top-kill compared to 2009, resulting in greater understory percent cover in 2010 compared 
to 2009. This hypothesis is supported by Turner et al. (1999) who found that areas with lower percent 
burn resulted in less top-kill, and in turn, higher percent covers the first growing season post-burn 
than areas with higher percent burns. Thus, by reducing the average percent burn in 2010, compared 
to 2009, the amount of vegetation top-killed was lower resulting in a greater amount of understory 
cover was greater.  This hypothesis is further supported by the decrease in percent cover as percent 
burn increased in 2010 for shrubs, grasses, and sedges. Specifically, the areas that burned relatively 
well in 2009 also burned relatively well in 2010 which resulted in greater top-kill and in turn lower 
percent understory covers in the well burned areas compared to the low percent burned areas (Table 
4).    
The difference in percent burns between years may be a result of fuel availability (Turner and 
Romme 1994, Jones et al. 2009), fuel moisture (Turner and Romme 1994), and/or the vegetation 
state, i.e. amount of vegetation green-up (Howe 1995). Prior to 2009, no wild or prescribed burns had 
occurred on the site, as a result, several years of downed branches and leaves had accumulated 
resulting in greater fuel load, compared to 2010, which had only a year to accumulate fuel.  
Differences in fuel load, or amount of combustible material, has been found to result in differences in 
the amount of vegetation consumed with lower fuel loads consuming less vegetation than areas with 
high fuel loads (Jones et al. 2009). The lower 2010 percent burns may have been exacerbated by 
higher fuel moisture and more green vegetation.  Specifically, the day before our 2010 burn a rain 
event, 2.3mm, occurred (weather data from the Independence, IA weather station which is the closest 
weather station at 64.37km) (NOAA-NCDC 2011), which may have increased fuel moisture.  Higher 
fuel moisture was found by Turner and Romme (1994) to decrease fuel consumption and, in turn, 
vegetation consumption. Similarly, our 2010 burn occurred several days later in the growing season 
than the 2009 burn, giving vegetation more time to “green up”.  
Due to the low abundance of oak seedlings within the study site we were unable to identify 
any direct impacts of prescribed burning on oak regeneration.  The negative relationship between 
percent burn and shrub cover in 2010 may, however, benefit future oak regeneration (Buckley et al. 
1998, Beckage et al. 2000, Holzmuller et al. 2009, Brose 2010). Specifically, oak regeneration has 
been found to increase as light penetration increases and competition decreases. Beckage et al. 
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(2000), for example, found that oak seedling survival was significantly higher under low shrub cover, 
where light availability is high, than at high shrub cover, where light availability is low.  Decreasing 
overstory cover has also been found to increase oak seedling survival due to increased light 
availability (Johnson 1992).  However, we did not significantly change overstory basal area, due to 
the low intensity of our prescribed burn. Elliot et al. (1999) found that only high intensity burns 
significantly reduced overstory basal area the first growing season post-burning.  
We found that prescribed burning did not significantly impact the volume or mode decay 
level of CWD regardless of percent burn. The lack of significant reduction in CWD volume or decay 
class from prescribed burning was unexpected based on the findings of previous studies (Kirkland et 
al., 1996; Sparks et al. 1998, Brown et al. 2003, Fulé et al. 2004, Graham et al. 2005, Knapp et al. 
2005, Stephens and Moghaddas 2005, Innes et al. 2006).  Loucks et al. (2008) found that the volume 
of CWD 1 year after burning decreased by 16% after a high-intensity burn but increased by 4% after 
a low-intensity burn in an Appalachian hardwood forest.  Loucks et al. (2008) attributed the increase 
in CWD load (mg/ha) following the low-intensity burn to lack of CWD combustion.  Tinker and 
Knight (2000) found that decay classes 3 and 4 (Table 1) were more likely to be consumed than decay 
classes 1 and 2 (decay class 5 was not present enough to report on) following a crown fire in 
Yellowstone National Park due to greater moisture content.  Similarly, Graham et al. (2005) found 
that CWD with 4% moisture was more likely to be consumed than fuels with 14% moisture (70% and 
45% respectively).  The difference between our study and the previously mentioned studies may be 
burn intensity and/or fuel moisture as all of the previously mentioned burns were of high-intensity, 
which have been found to consume more CWD than low-intensity burns (Knapp et al. 2005, Vose et 
al. 1999).  Vose et al. (1999) found that high-intensity burns resulted in a loss of 1050kg ha
-1
 of CWD 
vs. 164 kg ha
-1
 following a low-intensity burn in an Appalachian pine-hardwood forest. Thus, the 
suspected low-intensity of our prescribed burns combined with our fuel moisture may explain the lack 
of significant reductions in CWD in burned sites. 
 
CONCLUSION 
 Overall, our research indicates that percent burn significantly decreased species diversity and 
richness but did not affect coarse woody debris volume or level of decay the first growing season 
after prescribed burning. However, potential scale issues may have affected the study’s results. 
Specifically, the short-time scale we investigated may have restricted our ability to observe changes 
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to understory cover and CWD. For example, Biondini et al. (1989) found that forb density was not 
significantly different between burned and unburned plots until the second growing season following 
burning. Thus, longer time-scales may be required to observe significant differences between burned 
and unburned sites.   
There are several directions for future studies on the effects of prescribed burning for oak 
regeneration on understory cover and CWD. We recommend future studies investigate the impact of 
percent burning via burn intensity on understory diversity and coarse woody debris over multiple time 
scales including immediately following prescribed burning as well as over a longer time scale. We 
also recommend studying the impact of burn frequency on species diversity and richness over an 
extended time-scale.  Due to the importance of CWD for wildlife habitat, see chapter 3, we 
recommend investigating the burn intensity and frequency required to significantly reduce the volume 
of CWD within each decay class as well as the duration of the reduction. 
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CHAPTER 3 
RESPONSE OF WHITE-FOOTED MICE TO HABITAT CHANGES FROM CONSECUTIV 
PRESCRIBED BURNS FOR OAK REGENERATION 
 
ABSTRACT 
Midwestern deciduous forests were historically dominated by fire-dependent oaks. Fire 
suppression in the mid-late 20th century caused canopy dominance to shift towards fire-sensitive 
species and oaks declined. Since the 1980s, prescribed burning has been used as one of the tools to 
improve oak regeneration.  We hypothesized that changes in vegetation characteristics due to fire may 
also significantly impact small mammal abundance and survival, including the white-footed mouse 
(Peromyscus leucopus), by altering the amount of coarse woody debris (CWD) and understory 
herbaceous cover. We examined the influence of burning and changes to CWD and percent 
understory herbaceous cover from prescribed burning on white-footed mouse abundance and survival. 
White-footed mouse abundance was significantly higher in 2009 than 2010 but was not significantly 
different between treatments despite significantly lower volumes of CWD in the burned site 
compared to control in 2009 and 2010. The lack of difference between treatments even though CWD 
was significantly different indicates that other factors, such as acorn production, are likely driving the 
temporal differences in mouse abundance. Although, mouse abundance was significantly different 
between years we did not observe a difference in survival.  
 
INTRODUCTION 
Prior to European settlement the Northeastern, mid-Atlantic, and Midwestern regions of the 
United States were dominated by white oak (Quercus alba) forests maintained by frequent, low-
intensity burns (Abrams 2003, Parker and Ruffner 2004).  Dominance of oak forests continued 
through early European settlement (Cutter and Guyette 1994).  However, with the onset of railroad 
development, town expansion, and timber harvesting a dramatic decrease in white oak forests 
occurred which was exacerbated by local fire bans and fire suppression (Abrams 1986, Hutchinson et 
al. 2003). The combination of forest clearing and fire suppression lead to a shift in forest composition 
and structure which decreased oak regeneration and favored fire-sensitive, shade-tolerant species 
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(Cutter and Guyette 1994, Nowacki and Abrams 2008). By the 1980s, however, the U.S. Forest 
Service began to implement and promote prescribed burning as a management tool to encourage oak 
regeneration (Pyne 1996).   
In order to increase white oak forest distribution, forest managers are attempting to return 
management to pre-European disturbance regimes to increase oak regeneration. Forest managers are 
focusing on 1) reducing tree density and canopy cover at ground level through direct mortality of 
dominant fire-sensitive species, 2) reducing competition from fire-sensitive species in the understory 
via direct seedling mortality, and 3) creating a seedbed conducive to oak regeneration by combusting 
the leaf litter, thereby increasing the amount of acorn surface area in contact with the soil and the 
amount of nitrogen (N), phosphorous (P), and potassium (K) available to seedlings (Hutchinson et al. 
2005b). Through the use of prescribed burning for oak regeneration forest managers have 
significantly altered shrub cover, understory cover, and coarse woody debris (CWD) volume. 
Specifically, direct mortality of shrubs from prescribed burning has significantly reduced shrub cover 
(Hodgkinson 1991, McGee et al. 1995, Schwartz and Heim 1996, Converse et al. 2006). For example, 
Bowles et al. (2007) found that shrub cover in a southern Illinois oak forest was virtually eliminated 
after 17 years of annual low-intensity, dormant season prescribed burns.  
Prescribed burning has also been found to significantly reduce understory herbaceous cover 
the first 3-8 months after burning, depending on burn season, by killing the above ground stems 
(Kirkland et al. 1996, Hutchinson et al. 2005, Elliott and Vose 2010).  Killing the aboveground stems 
alters light (Kruger and Reich 1997, Hutchinson et al. 2005), water (Kruger and Reich 1997, 
Hutchinson et al. 2005), and nutrient availability (Gilliam 1988) on the forest floor, resulting in 
changes in species abundance (McGee et al. 1995), composition (Arthur et al. 1998), richness (Arthur 
et al. 1998), and diversity (Elliot et al. 1999, Franklin et al. 2003). 
Coarse woody debris has also been found to be significantly reduced from prescribed burning 
for oak regeneration (Knapp et al. 2005).  CWD is dead standing or downed wood larger than 2.5cm 
in diameter and may include such things as snags, downed logs, chunks of downed wood, downed 
branches, and coarse roots (Brown et al. 2003).  During a fire event, CWD combusts resulting in a 
decrease in CWD volume (Kirkland et al. 1996, Brown et al. 2003).  The combustion of CWD, 
however, may not be consistent across decay classes.  Stephens and Moghaddas (2005) found that 
decay classes 1 and 2 were unaffected by burning but that decay classes 3, 4, and 5 were significantly 
reduced (Table 1).  Specifically, Knapp et al. (2005) found that prescribed burns were less likely to 
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consume logs with >25% moisture. However, by 3 years after a moderate to high-intensity burn, the 
volume of CWD has been shown to increase relative to pre burn conditions (Kirkland et al. 1996, 
Brown et al. 2003, Graham et al. 2005).  The increase in CWD has been attributed to increases in the 
number of downed logs, branch fragments, and snags that result from direct mortality to fire-sensitive 
species during burning (Graham et al. 2005). 
Table 1. Decay classification for coarse woody debris adapted from Stephens and Moghaddas (2005) 
Decay 
Class Structural integrity Wood Texture 
1 Sound Intact, no rot; conks on stem absent 
2 Heartwood sound, sapwood somewhat 
decayed 
Mostly intact; sapwood partly soft and starting to 
decay; wood cannot be pulled apart by hand 
3 Heartwood sound; log supports its 
weight 
Large, hard pieces sapwood can be pulled apart by 
hand 
4 Heartwood rotten; log does not support 
its weight, but shape is maintained 
Soft, small, blocky pieces; metal pin can push apart 
heartwood 
5 No structural integrity; no longer 
maintains shape 
Soft, powdery when dry 
 
The reductions in shrub cover, understory vegetation, and volume of CWD from prescribed 
burning may adversely affect wildlife by reducing habitat and food sources. A species likely to be 
affected is the white-footed mouse (Peromyscus leucopus) which is an important prey species to 
snakes, weasels, owls, hawks, and falcons (Aguilar 2002). It also is one of the most competent hosts 
of the bacterium that causes Lyme disease, Borrelia burgdorferi, and has been found to significantly 
impact oak regeneration via acorn predation (Donahue et al. 1987). White-footed mice are habitat 
generalists that occupy the deciduous woodlands of the eastern and Great Plains regions of the United 
States (Burt and Grossenheider 1980).  The diet of the white-footed mouse is comprised of a wide 
variety of foods including arthropods, oak and hickory mast, wildflower seeds, leaves, and berries 
(Batzli 1977).  White-footed mice nest in arboreal and terrestrial cavities which are typically in dead 
standing trees (snags) or below CWD (Appendix B).  White-footed mice also use CWD as movement 
corridors and for protection against predators (Barnum et al. 1992).  As a result, white-footed mice 
prefer habitats with abundant shrubs, understory cover, and CWD (Kurta 2005).  Because of their 
important roles as prey and carriers of Lyme disease, it is important to understand how changes from 
prescribed burning may affect their abundance and survival. 
 The impact of prescribed burning on Peromyscus spp. abundance and survival has been 
inconsistent across studies with respect to which vegetation components (shrubs, understory 
vegetation, and CWD) have the most influence (Krefting and Ahlgren 1974, Barnum et al. 1992, 
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Kirkland et al. 1996, Converse et al. 2006, Greenberg et al. 2006, Zwolak and Foresman 2007). The 
inconsistencies are likely due to variation among studies in cover and forage composition and 
structure which alters the relative importance of the different habitat components (Greenberg et al. 
2006).  Specifically, trees, shrubs, herbs, and CWD all interact to provide multiple layers of forage 
and cover from predators.   
 In most studies, Peromyscus spp. abundance is reduced for 1-2 months post-burning 
(Kitchings and Levy 1981, Tallmon et al. 2003, Manning and Edge 2004, Zwolak and Foresman 
2007, Tietje et al. 2008); however, other studies have found that Peromyscus spp. abundance is 
unaffected by prescribed burning (e.g., Ford et al. 1999).  Ford et al. (1999) attributed the lack of 
significant population change to burn heterogeneity that resulted in a mosaic of burned and unburned 
patches, such that the burning had little impact on the overall vegetation cover.  However, in studies 
where prescribed burning significantly reduced forage availability and/or volume of CWD, 
Peromyscus spp. abundance has been found to decrease from emigration (Kirkland et al. 1996), 
decreased reproduction (McGee 1982), and reduced survival (Tietje et al. 2008).   
By 3 months after a spring prescribed burn, vegetation has started to regrow and mouse 
abundance generally has been observed to increase as mice immigrate into the site (Kirkland et al. 
1996, Zwolak and Foresman 2008) and reproduction and survival increase (Tietje et al. 2008). 
Krefting and Ahlgren (1974) hypothesized that Peromyscus spp. abundance increased by the first 
growing season post-burn from immigration into burned areas due to greater cover of seed-
reproducing species. Tietje et al. (2008) correlated increases in forage availability to increased 
reproductive potential, and increased shrub cover/protection to increased survival. The differences in 
explanations among studies may be a result of differences in cover (Kirkland et al. 1996, Converse et 
al. 2006).  Kirkland et al. (1996) found that when canopy and shrub cover were unaffected by 
prescribed burning the recovery of seed-reproducing species was strongly related to Peromyscus spp. 
abundance.  However, when canopy, shrub, and CWD cover decrease in a fire, Peromyscus spp. 
density is best predicted by the amount of canopy cover (Converse et al. 2006).  
The observed increase in mouse abundance shortly after prescribed burning are short-lived 
(Ahlgren 1966, Olson et al. 2003, Converse et al. 2006). Differences in Peromyscus spp. abundance 
in burned areas relative to unburned areas have been found to be negligible often returning to similar 
levels within 2 to 5 years (Olson et al. 2003, Converse et al. 2006).  For example, Olson et al. (2003) 
found that Peromyscus spp. abundance in big-sagebrush (Artemisia tridentate) dominated systems 
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was significantly higher in the burned area than the unburned area in the first 5 years post-burning, 
but by year 5 increased habitat complexity in the burned area from the return of shrubs helped 
equalize mouse populations between treatments.  Ahlgren (1966) found that Peromyscus spp. in a 
Minnesota jack pine forest returned to pre-burn levels by the second growing season post-burn which 
he attributed to decreased herbaceous cover in burned sites the second year post-burning relative to 
the first year post-burning which reduced forage availability and cover resulting in emigration.  
The objective of this study was to assess the effects of prescribed burning on white-footed 
mouse populations in the first growing season following burning. Specifically, we investigated the 
impact of consecutive prescribed burns on 1) white-footed mouse abundance, 2) white-footed mouse 
survival, and 3) the influence of forest vegetation components (i.e., shrub cover, understory cover, 
and CWD) expected to be altered by fire on white-footed mouse abundance.  
 
METHODS 
Study Site 
This study was conducted at the Brayton Memorial Forest a 129.5ha research and 
demonstration site owned by Iowa State University (ISU) located 3 miles north of Hopkinton in 
Delaware County, Iowa in the northeast part of the state.  The area is characterized by moderately 
rolling hills (5-25% slope) and a mixture of Dubuque and Nordness silt loam soils derived from 
deciduous forests (USDA soil survey of Delaware County 2009).  The region’s average weather 
includes: annual precipitation, 902mm; summer (June-August) precipitation, 324mm; annual snow 
fall, 115cm; growing season length (days between the last spring frost and the first fall frost), 162 
days; and mean July temperature, 22˚C (NOAA National Virtual Data Systems). 4-2 ha study sites 
were selected based off of the Brayton Memorial Forest Inventory of 1972; there are 6-20x20m 
permanent plots in each site. 3 of the 4 sites were burned in April of 2009 and 2010.  1 plot was left 
unburned to serve as a control. 
Prescribed Burning 
 Prescribed burning was conducted on April 17, 2009 and April 22, 2010 in 3 of the study 
sites using strip backing fires, fires that burn into the wind (Pyne 1996), ignited with drip torches. The 
burn dates were selected based on weather conditions, vegetation state, and crew availability.  The 
desired weather conditions were southerly winds between 16-24kph, ambient air temperatures around 
56 
 
20˚C, and relative humidity between 25-50%. To promote understory combustion, prescribed burns 
were conducted after snow melt but prior to vegetation green-up.  To investigate the impact of 
prescribed burning on understory vegetation and CWD, for Chapter 2, the 6-20x20m permanent plots 
in each site were burned independently, to ensure that the entire plot burned as thoroughly as 
possible. Within 1 month of the burn, each of the 6-20x20m permanent plots in each site was revisited 
and the percent burn was visually estimated by determining the percentage of the permanent plot 
covered in black earth.  
Habitat Sampling 
 All sampling (i.e. vegetation sampling and small mammal trapping) was conducted within or 
along the western edge of the 6-20x20m permanent plots in each site (Figure 1).  The 20x20m 
permanent plots were 20m apart with a 40m buffer from the site’s boundaries.  All habitat variables 
were measured within the 20x20m plots. 
Figure 1. Study site layout with each box representing a 20x20m permanent plot and the 2 black lines 
representing the 100m trapping transects 
 
 
  
 
 
 
Understory and shrub vegetation sampling was conducted during the peak of the growing 
season (July) in 2009 and 2010.  Percent covers of each species were visually estimated by the same 
person in 2009 and 2010 to reduce sampling bias.  CWD sampling was conducted after the first frost 
(October) in 2009 and 2010 to eliminate visual obstruction from understory vegetation.  The diameter 
at 2 locations (base and top of the log) and length of all CWD at least 1m in length and 10cm in 
diameter was measured and the level of decay was recorded following the methodology presented in 
Stephens and Moghaddas (2005) (Table 1).  The measurements from a log were converted to volume 
following the methodology presented in McGee et al. (1999).  
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White-footed Mouse Sampling 
In 2009 and 2010, small mammals were trapped using mark-recapture, robust design 
methodology (i.e. multiple short trapping periods, primary sessions, with trap free periods in between 
each primary session (Cooch and White 2008)) during 3 primary sessions of 5 trap nights each.   All 
trapping was carried out during the first growing season post burn in 2009 and 2010 (6/6-6/10, 6/26-
7/1, and 7/26-7/31).  Trapping was conducted using collapsible Sherman live traps along 2-100m 
trapping transects in each study site (Figure 2).  Each 100m transect was divided into 10 equally 
spaced trapping stations with 2 traps per trapping station, 1 arboreal trap and 1 ground trap, for a total 
of 40 traps per site.  Arboreal traps were placed on wooden platforms and either bungeed or screwed 
to a tree 1-2m above the ground.  Ground traps were placed along potential mouse travel pathways.  
Traps were opened and baited with either peanut butter and oats or whole oats at 1900 hours 
and checked at 0700 hours the following day.  Peanut butter and oats were used as bait prior to June 
27, 2009; however, due to high trap disturbance, presumably by raccoons, the bait was switched to 
whole rolled oats on June 27, 2009 and used for the duration of the study.  Prior to switching baits we 
trapped for 2 nights, outside our primary sessions, using whole rolled oats to verify that on average 
the same number of mice, 10 individuals, were trapped per trap line. Newly captured mice were 
uniquely marked using 2 metal ear tags, to reduce tag loss, and condition information was gathered. 
Condition information included sex, weight, age/pelage color, and tail and hind foot length. Mouse 
age was determined based on weight following the methodology used by Krohne et al. (1984) such 
that individuals weighing ≥18g were considered adults, 16-18g were considered subadults, and <16g 
were considered juveniles. 
Statistical Analysis 
Habitat Covariates 
 Habitat covariates included: understory cover (UC), shrub cover (SC), and volume of CWD 
(VC).  Understory cover included all forbs (native and invasive), ferns, seedlings, grasses and sedges, 
and vines. Shrub cover included all non-tree, woody vegetation less than 5m tall.  Volume of CWD 
included all decay classes.  All species or decay classes were summed by habitat covariate in each 
20x20m permanent plot and averaged to get 1 value per site for each of the habitat covariates. 
Simple linear regression was used to evaluate the relationship between each habitat covariate 
and prescribed burning using program JMP (statistical software JMP 8.0.1, SAS Foundation of 
Statistical Computing, 2009).  For each habitat covariate a full factorial model was run with the 
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habitat covariate as the response variable and treatment (burned vs. control) and year as the 
explanatory variables. If the interaction term had a p-value > 0.25 it was eliminated and the model 
was re-run (Bancroft 1968). Significance was determined at α=0.05. 
White-footed Mice 
Abundance  
White-footed mouse abundance was estimated in program MARK (White and Burnham 
1999) for each site (B1, B2, B3, C) by trapping session (session 1:6/6-6/10, session 2:2/26-7/1, 
session 3:7/26-7/31) and year (2009 and 2010) using the full closed capture model with heterogeneity 
(Otis et al. 1978).  Otis’ closed capture models are a series of 8 models (Table 2) used to estimate 
abundance from mark-recapture data under the assumption that each site is closed, i.e. no movement, 
births, or deaths, during the primary sessions (White et al. 1982). Heterogeneity was included in the 
model set to account for potential differences in capture probabilities among individuals (White et al. 
1982, Cooch and White 2008). Because Otis’ closed models estimate abundance from capture 
histories, all individuals found dead in the trap were recorded as known fate and thus removed from 
subsequent estimations of ci, the probability of being recaptured.  In order to reduce model selection 
bias, all models (Table 2) were included in the analysis and averaged to obtain the abundance 
estimate for each site in each session in each year.  The models were averaged using weighted 
averages to provide an unconditional estimate of sampling variance, covariance, and standard error of 
estimated abundance for each site by session and year (White 2002). Prior to model averaging, 
models which did not adequately estimate N (i.e. standard errors were zero or extremely high or no 
estimate was calculated) were eliminated. 
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Table 2. Models included in Otis’ full closed capture models with heterogeneity with definitions 
Model Name Definition 
Mo Constant Capture Probability The probability of being captured is the same on 
every occasion for every individual 
Mt Variation by Time The probability of being captured is dependent 
on the day of being trapped so that all 
individuals trapped on the same day have the 
same probability of being trapped 
Mb Behavioral Response The probability of being captured is dependent 
on behavior (trap-happy or trap-shy) 
Mh Heterogeneity The probability of being captured is dependent 
on the individual animal 
Mbh Behavioral Response with Heterogeneity The probability of being captured is dependent 
on the individual and behavior 
Mth Time Effects Heterogeneity The probability of being captured is dependent 
on the individual and time 
Mtb Time Effects and Behavioral Response The probability of being captured is dependent 
on time and behavior 
Mtbh Time Effects, Behavioral Response, and 
Heterogeneity 
The probability of being captured is dependent 
on time and behavior of an individual animal 
 
Mouse abundance estimates were compared between treatments, sessions, and years by 
comparing 95% confidence intervals. To compare between treatments, the abundance estimates from 
the 3 burned sites (B1, B2, and B3) were averaged by trapping session to obtain 3 abundance 
estimates for the burn in each year, 1 for each session. Standard errors on the averaged burn estimates 
were calculated using the delta method in program R (Bishop et al. 1975, statistical software R 2.12.0, 
R Foundation of Statistical Computing, 2010). The delta method estimates standard error by 
expanding a differential function of mouse abundance around the mean abundance estimate and then 
takes the variance using a variance covariance matrix. The standard errors calculated from the delta 
method were used to calculate the 95% confidence interval on mouse abundance. If the 95% 
confidence intervals did not overlap, the abundance estimates were considered statistically different.  
Because non-overlapping 95% CI are always indicative of a significant difference but overlapping 
95% CI are not always not indicative that there in not a significant difference, a t-statistic and 95% CI 
on the t-statistic were calculated to further evaluate whether abundance estimates were significantly 
different (Knezevic 2008). If the calculated 95% confidence interval on the t-statistic did not overlap 
zero mouse abundance was considered significantly different between the groups being compared.  
Equation 1. 95% confidence interval on the t-statistic used to evaluate whether there were differences 
in average mouse abundance between treatments, sessions, or years 
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Survival  
White-footed mouse survival was estimated by treatment (burn vs. control) for each trapping 
session in 2009 and 2010 using Pollock’s robust design in program MARK (Pollock 1982). Pollock’s 
robust design estimates survival using mark-recapture data by combining Otis’ full closed capture 
models with heterogeneity, to estimate abundance, and the Jolly Seber method, to estimate survival 
and movement (Cooch and White 2008). The Jolly Seber method estimates survival and movement 
from mark-recapture data under the assumption that survival is the same across all individuals, 
marked and unmarked, and between trapping occasions for an open population, i.e. births, deaths, 
immigration, and emigration are allowed (Cooch and White 2008). Thus, the robust design method 
assumes population closure during the primary sessions (when trapping) but does not assume closure 
between primary sessions (Cooch and White 2008).  The estimates of survival are defined as the 
probability of surviving between successive trapping sessions.  To estimate the probability of survival 
we ran 3 models: independent movement, dependent movement, and no movement. Independent 
movement, also known as random movement, assumes that movement among sites is independent of 
where the animal was previously.  Thus, independent movement was considered to determine if 
movement was occurring randomly among sites with no regard to treatment.  Dependent movement, 
or Markovian temporary movement, assumes that movement among sites is dependent on where the 
animal was previously. The dependent movement model was considered to determine if mice were 
selecting where to move based on treatment.  The no movement model, which assumes no movement 
is occurring among sites, was included as a null model.  
The survival estimates were estimated on the treatment level, rather than the site level, due to 
small sample sizes in B3 which inhibit accurate estimates of survival to be estimated for any of the 3 
trapping sessions in 2009 and 2010.  Similarly, we were unable to accurately estimate survival for the 
control in between sessions 0 and 1 and 1 and 2 of 2010, as a result; all analyses were completed by 
comparing the burn vs. control from trapping session 2-3 (7/1-7/27) in 2009 and 2010.  All analyses 
were compared between treatments and years using the same methodology as mouse abundance using 
the best model based on Akaike Information Criterion (AIC; Akaike 1973) such that the model with 
the lowest AIC value was considered the best model.  
Impact of Habitat Covariates on Mouse Abundance  
We evaluated the relationship between mouse abundance and the habitat covariates using 
least squares regression with mixed effects in program R (statistical software R 2.12.0, R Foundation 
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of Statistical Computing, 2010). The response variable for all models was mouse abundance in each 
site (i.e., B1, B2, B3, and C) estimated from the closed capture models during the third trapping 
session in 2009 and 2010.  These abundance estimates were selected in order to coincide with 
understory and shrub cover sampling, which occurred the week prior to the third trapping session. As 
described above, the 3 habitat variables we considered were: percent understory cover (UC), percent 
shrub cover (SC), and volume of CWD (VC). A random effect variable of site nested in treatment was 
included because each site was randomly selected as burned or unburned.  We considered 14 
candidate models (Appendix C), all of which included treatment and the random effect variable, but 
varied in terms of habitat covariates and year.   
 We used AIC and model averaging to determine final parameter estimates, standard errors, 
and 95% confidence intervals (Burnham and Anderson 2002). Because sample sizes were small, AIC 
values were converted to AICc (Equation 2). An importance value, or the sum of the weights of each 
model that the variable was included in (Equation 3), was also used to determine which habitat 
covariates were most important in determining mouse abundance. Importance values >0.4 were 
considered likely to be influencing white-footed mouse abundance (Converse et al. 2005, Murry and 
Conner 2009). Using simulation data, Murray and Connor (2009) found that importance values ≥0.4 
were sufficient to accurately predict the relative influence of a covariate on the response variable and 
that importance values < 0.28 were inaccurate.  
Equation 2. Equation used to convert AIC values to AICc in order to compensate for small sample 
size (K= number of parameters and n=sample size) 
 
 
Equation 3. Equation used to determine the importance value of each model covariate (treatment, 
year, shrub cover, understory cover, and volume of CWD) where wi is the model weight 
 
*For the models in which the covariate is included 
 
RESULTS 
Prescribed Burns 
Weather conditions on the days of burning were characterized by southerly winds between 5-
21kph, ambient air temperatures of 18.9-22.2˚C, and relative humidity between 33 and 56% (Table 
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3).  The burns were variable across the 20x20m plots and across sites with an average percent burn of 
54% in 2009 and 25% in 2010 (Table 4). 
Table 3. Date, time, and weather conditions during the prescribed burns retrieved from the NOAA 
weather station in Independence, IA 
Date Time 
Temperature 
(˚C) 
Dew 
Point 
Wind 
Direction 
Wind Speed 
(kph) 
Relative 
Humidity 
Sky 
Conditions 
4/17/2009 1200 19 36 S 13 38 Clear 
 1300 20 36 SE 5 38 Clear 
 1400 21 34 SE 8 36 Clear 
 1500 22 32 S 19 34 Clear 
 1600 22 28 S 11 33 Clear 
 1700 22 21 SE 14 34 Clear 
 1800 22 21 SE 13 35 Clear 
 1900 20 23 SE 8 38 Clear 
        
4/22/2010 1100 19 52 VARIABLE 5 56 Clear 
 1200 19 50 VARIABLE 5 47 Clear 
 1300 29 49 S 11 40 Clear 
 1400 21 48 SW 21 40 Clear 
 1500 21 49 S 8 38 Clear 
 1600 21 49 S 10 38 Clear 
 1700 21 50 SW 11 42 Clear 
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Table 4. Percent burns for each 20x20m permanent plot within the burned area (B1, B2, and B3) in 
2009 and 2010 (estimates were made visually within a month of the burn) 
  Percent Burn 
Site Plot 2009 2010 
B1 1 70 25 
 2 75 15 
 3 85 10 
 4 85 25 
 5 85 35 
 6 95 25 
B2 1 95 55 
 2 80 65 
 3 70 40 
 4 35 50 
 5 50 25 
 6 60 15 
B3 1 45 20 
 2 1 2 
 3 0 2 
 4 10 25 
 5 10 2 
 6 25 6 
 
Habitat Covariates 
 In 2009, we observed 23 forb (native and invasive) species, 6 seedling species, 5 fern species, 
5 vine species, and 3 shrub species across the 20x20m permanent plots (Appendix A).  The average 
volume of CWD was 9.3m
3
ha
-1 
(Table 5).  In 2010, we observed 29 forb (native and invasive) 
species, 7 seedling species, 5 fern species, 5 vine species, and 5 shrub species across the 20x20m 
permanent plots (Appendix A).  The average volume of CWD was 10.2m
3
ha
-1 
(Table 5). 
Table 5. Average volume (m
3
-ha) of CWD in 2009 and 2010 by site as well as the magnitude of 
change between years within each site 
Site 2009 2010 
Change 
(2010/2009) 
B1 6.7 6.7 +1.0 
B2 8.7 11.1 +1.3 
B3 5.2 4.3 -0.8 
C 16.5 18.8 +1.1 
 
 Percent shrub cover was significantly different between years but not between treatments.  
Specifically, percent shrub cover was significantly higher in both burned and unburned sites in 2010 
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compared to 2009 (Table 6).  Between 2009 and 2010, the amount of shrub cover roughly doubled in 
both the burn and control sites (Table 7). 
Table 6. Results* from linear regression analysis of year and treatment on the average percent cover 
of shrubs  
Term Estimate SE t Ratio p-value 
Intercept 20.1 1.9 10.4 <0.001 
Treatment[Burn] -1.3 1.9 -0.7 0.54 
Year[2009] -6.4 1.7 -3.8 0.01 
*The interaction between treatment and year was eliminated because the p-value=0.97 
 
Table 7. Average percent shrub cover by treatment in 2009 and 2010 and magnitude of change 
between years  
  2009 2010 
Change 
(2010/2009) 
Burn 12.4 25.1 +2.0 
Control 14.8 27.8 +1.9 
 
 Volume of CWD was significantly different between treatments but not between years.  The 
volume of CWD was significantly higher in the control in 2009 and 2010 compared to the burn sites 
(Table 8).  
Table 8.  Results* from linear regression analysis of year and treatment on the average volume of 
CWD  
Term Estimate SE t Ratio p-value 
Intercept 12.4 1.0 12.2 <0.001 
Treatment[Burn] -5.3 1.0 -5.2 0.004 
Year[2009] -0.5 0.9 -0.6 0.61 
*The interaction between treatment and year was eliminated because the p-value=0.70 
 
 Understory percent cover was not significantly different between years or treatments (Table 
9). 
Table 9. Results from linear regression analysis of year and treatment on the average percent cover of 
understory vegetation  
Term Estimate SE t Ratio p-value 
Intercept 258.4 30.1 8.6 <0.001 
Treatment[Burn] -6.0 30.1 -0.2 0.85 
Year[2009] -27.2 26.0 -1.0 0.34 
*The interaction between treatment and year was eliminated because the p-value=0.92 
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White-footed Mouse Abundance 
In 2009, 255 individual mice were captured 620 times in 2140 trap nights for a trapping 
success rate of 29% (Tables 10 and 11).  Of the 255 mice, 83 were females (70 adults, 8 subadults, 
and 5 juveniles), 140 were males (118 adults, 10 subadults, and 12 juveniles), and 32 were of 
unknown sex (16 adults, 9 subadults, and 7 juveniles). In 2009, 9 ear tagged mice were found dead in 
the traps. We also captured 3 eastern chipmunks (Tamias striatus) and 3 passerine birds.  
In 2009, the best fitting model for mouse abundance in session 1 was Mth (AICc =116.01, 
AICc weight=0.49) with all 8 models (Appendix D) providing estimates of mouse abundance and 2 
models (Mt and Mtbh) within 2 ∆AICc (1.65 and 1.74 respectively).  All 8 models were model 
averaged to obtain a final estimate of mouse abundance for each site in session 1.  The best model in 
session 2 was Mh (AICc=91.61, AICc weight=0.56); all 8 models provided estimates of mouse 
abundance with 1 model (Mbh) within 2 ∆AICc (1.84) (Appendix D).  All 8 models were model 
averaged to obtain a final mouse abundance estimate for each site in session 2. The best model for 
session 3 was Mt (AICc=74.33, AICc weight=0.36), all 8 models proved estimates of mouse 
abundance with 3 models (Mth, Mtb, and Mtbh) within 2 ∆AICc (0.31, 1.44, and 1.85 respectively) 
(Appendix D).  All 8 models were model averaged to obtain a final mouse abundance estimate for 
each site in session 3. 
In 2010, 112 individual mice were captured 470 times in 2354 traps nights for a trapping 
success rate of 20% (Tables 10 and 11). Of the 112 mice, 36 were females (23 adults, 10 subadults, 
and 3 juveniles), 72 were males (61 adults, 8 subadults, and 3 juveniles), and 4 were of unknown sex 
(all juveniles). In 2010, 1 ear tagged mouse died during handling. We also captured 1 eastern 
chipmunk and a passerine bird. 
In 2010, the best fitting model for mouse abundance in session 1 was Mth (AIC=170.99, 
AICc weight=0.45) and 7 of the 8 models provided estimates (Mt had SE of 0.264E-13 for B3 and 
0.162E-14 for C) (Appendix D). For session 1, 2 models (Mtb and Mtbh) were within 2 ∆AICc (0.35 
and 1.98 respectively) (Appendix D).  The 7 models (Appendix D) providing reliable estimates were 
averaged to obtain a final mouse abundance estimate for each site in session 1.  The best model for 
session 2 was Mtbh (AICc=155.80, AICc weight=0.97) with all models except Mo (SE for B1: 
0.492E-11, B2: 0.523E-10, B3: 8579.55, C: 0) providing abundance estimates (Appendix D).  No 
models were within 2 ∆AICc of the best model (Appendix D).  The 7 models (Appendix D) providing 
reliable estimates were averaged to obtain a final mouse abundance estimate for each site in session 2. 
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The best model for session 3 was Mbh (AICc=197.88, AICc weight=0.65) with all models providing 
estimates of abundance except Mo (SE for all sites was 0) (Appendix D).  No models were within 2 
∆AICc of the best model (Appendix D). The 7 models (Appendix D) providing reliable estimates 
were averaged to obtain a final mouse abundance estimate for each site in session 3. 
Table 10. Number of new individuals trapped by session in each site in 2009 and 2010 (B1, B2, and 
B3 were burned and C was the unburned control) 
 
2009 
 
2010 
 
Session 
  
Session 
 Site 1 2 3 Total 
 
1 2 3 Total 
B1 31 29 17 77 
 
13 8 5 26 
B2 31 25 14 70 
 
14 12 8 34 
B3 25 15 9 49 
 
11 10 6 27 
C 29 18 12 59 
 
10 6 9 25 
 
 Table 11. Total number of mice trapped, including recaptures, in each site in 2009 and 2010 (B1, B2, 
and B3 were burned and C was the unburned control) 
 
2009 
 
2010 
 
Session 
  
Session 
 Site 1 2 3 Total 
 
1 2 3 Total 
B1 47 62 53 162 
 
30 51 46 127 
B2 67 66 37 170 
 
34 56 44 134 
B3 43 47 22 112 
 
18 24 51 93 
C 56 63 57 176 
 
25 41 50 116 
 
Comparing the 95% confidence intervals, the only difference in mouse abundance between 
treatments occurred in the second session of 2010. Where abundance in the burned area was 
significantly higher than in the control (Burn: estimate= 18, 95% CI=17.75, 19.74; Control: 
estimate=15, 95% CI=14.46, 15.60) (Table 12).   No additional sessions were significantly different 
between treatments when comparing 95% CI or based on the 95% CI on the t-statistic (Table 13). 
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Table 12. White-footed mouse abundance estimates* with standard errors by session, site, and year 
(B1, B2, and B3 were burned, C was the unburned control) 
  2009     2010 
 
Session 
  
Session 
Site 1 2 3   Site 1 2 3 
B1 37±4.8 58±8.8 43±9.1 
 
B1 15±2.5 18±0.3 19±4.5 
B2 40±5.1 61±9.1 36±7.9 
 
B2 14±2.3 22±1.0 22±5.0 
B3 30±4.1 43±7.0 20±4.9 
 
B3 11±2.0 16±0.3 22±5.0 
B˚ 35±3.4 54±6.1 33±5.7 
 
B˚ 13±1.7 18±0.5 21±3.8 
C 35±4.6 51±7.9 42±8.9   C 10±1.9 15±0.3 24±5.5 
*Abundance estimates represent mice per site and were rounded down to the nearest whole number                                         
˚Average burned area abundance estimate  
 
Table 13. Results from comparison of mouse abundance between treatments using the 95% CI on the 
t-statistic (treatments with t-statistic 95% CI that do not overlap 0 are considered significantly 
different) 
  2009   2010 
  t-statistic Lower CI Upper CI   t-statistic Lower CI Upper CI 
Session 1 0.1 -10.34 11.98 
 
1.2 -2.04 8.04 
Session 2 0.4 -16.09 22.96 
 
6.4 2.57 4.87 
Session 3 0.8 -12.20 29.09   0.5 -9.70 16.43 
 
The 95% CI on the abundance estimates indicated white-footed mouse abundance was 
significantly higher in 2009 during sessions 1 and 2 than in 2010. Session 3 was not significantly 
different between years in either treatment when comparing the 95% CI on the t-statistic (Table 14). 
Table 14. Results from the comparison of mouse abundance*between years in burned and control 
sites using the 95% CI on the t-statistic (years with t-statistic 95% CI that do not overlap 0 are 
considered significantly different) 
 
Burned˚ 
 
Control 
Session 2009 2010 95% CI+ 
 
2009 2010 95% CI 
1 35 (29,42) 13 (10,17) 14.70, 29.76 35 (26,44) 10 (7,14) 14.77, 34.08 
2 54 (42,66) 18 (17,19) 23.72, 47.76 51 (35,66) 15 (14,15) 20.60, 51.45 
3 33 (22,44) 21 (14,28) -0.99, 25.67 42 (24.59) 24 (13, 35) -3.05, 37.91 
*Abundance estimates and 95% CI on the abundance estimates were rounded down to the nearest 
whole number                                                                                                                                                                
˚Average burned area abundance estimate  
+95% CI on the t-statistic 
 
When comparing abundance estimates between sessions within each treatment, mouse 
abundance was significantly higher in session 2 than in session 1 in both the burned and control sites 
in 2010 (Burn session 2: estimate=18, 95% CI=17.75, 19.74; Burn session 1: estimate= 13, 95% 
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CI=10.33, 17.16; Control session 2: estimate= 15, 95% CI=14.46, 15.60; Control session 1: 
estimate=10, 95% CI=7.04, 14.43).  When comparing sessions using the t-statistic, abundance in 
session 2 was significantly higher than both sessions 1 and 3 in the burned area in 2009 (session 2 vs. 
1: t-statistic=2.6, 95% CI on t-statistic= 4.78, 32.24 and session 2 vs. 3: t-statistic=2.5, 95% CI on t-
statistic=4.44, 37.12). In 2010, mouse abundance in session 1 was significantly lower than in sessions 
2 and 3 in the control (session 1 vs. 2: t-statistic=2.3, 95% CI on t-statistic=0.56, 8.03 and session 1 
vs. 3: t-statistic=2.4, 95% CI on t-statistic=2.57, 25.41) (Table 15). 
Table 15. Results from the comparison of mouse abundance between sessions using the 95% CI on 
the t-statistic (sessions with t-statistic 95% CI that do not overlap 0 are considered significantly 
different) 
  2009 
 
Burn* 
 
Control 
  t-statistic Lower CI Upper CI   t-statistic Lower CI Upper CI 
Session 1 vs. 2 2.6 4.78 32.24 
 
1.8 -1.92 33.70 
Session 1 vs. 3 0.3 -10.72 15.26 
 
0.7 -12.56 26.55 
Session 2 vs. 3 2.5 4.44 37.12   0.8 -14.35 32.14 
          2010 
 
Burn* 
 
Control 
  t-statistic Lower CI Upper CI   t-statistic Lower CI Upper CI 
Session 1 vs. 2 2.8 1.45 8.56 
 
2.3 0.56 8.03 
Session 1 vs. 3 1.8 -0.49 15.71 
 
2.4 2.57 25.41 
Session 2 vs. 3 0.7 -4.80 10.03   1.8 -1.12 20.52 
*Average burned area abundance estimate 
 
White-footed Mouse Survival 
In 2009 and 2010, white-footed mouse survival was best predicted by the no movement 
model (Table 16) with survival ranging from 59% (SE=0.1) to 81% (SE=0.1) (Table 17).  The 
independent movement model was within 2 ΔAICc of the no movement model and provided 
estimates of survival for both treatments in 2009 and 2010 with survival ranging from 62% (SE=0.1) 
to 83% (SE=0.1) (Table 17).  Dependent movement provided survival estimates for the burn only in 
2009 and in 2009 and 2010 for the control (Table 17).  Survival estimates for dependent movement 
ranged from 64% (SE=1.5) to 87% (SE=3.4) (Table 17). Because the no movement model was the 
best model in 2009 and 2010 and, based on our trapping data, the most biologically accurate in that 
between trapping sessions we had only 1 individual in 2009 and 3 individuals in 2010 move between 
treatments, we completed all analyses using the no movement model.  
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White-footed mouse survival estimates were not significantly different between treatments or 
between sessions (Table 18). 
Table 16. Robust design model results on survival from program MARK with AICc, ∆AICc, and 
AICc weights for each model 
2009   2010 
Model AICc ΔAICc 
AICc 
Weights Model AICc ΔAICc 
AICc 
Weights 
No 
Movement 181.44 0 0.57 
 
No 
Movement 451.80 0 0.65 
Independent 183.08 1.64 0.25 
 
Independent 453.68 1.89 0.25 
Dependent 183.82 2.38 0.18   Dependent 455.56 3.77 0.10 
 
Table 17. Robust design survival estimates from each model in program MARK with standard errors 
and 95% CI for each year by treatment 
No Movement 
Year Treatment Estimate SE Lower CI Upper CI 
2009 Burn 0.6 0.1 0.48 0.70 
 
Control 0.6 0.1 0.49 0.75 
2010 Burn 0.6 0.1 0.53 0.72 
 
Control 0.8 0.1 0.59 0.93 
      Independent Movement 
Year Treatment Estimate SE Lower CI Upper CI 
2009 Burn 0.6 0. 1 0.47 0.75 
 
Control 0.7 0.1 0.48 0.80 
2010 Burn 0.6 0.1 0.52 0.75 
 
Control 0.8 0.1 0.57 0.95 
      Dependent Movement 
Year Treatment Estimate SE Lower CI Upper CI 
2009 Burn 0.9 3.4 <0.001 1.00 
 
Control 0.6 1.5 <0.001 1.00 
2010 Burn 0.9 0 0.86 0.86 * 
 
Control 0.8 0.1 0.58 0.93 
* Not a reliable estimate of survival 
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Table 18. Results from the comparison of survival between treatments within years and between 
years within treatment with the calculated t-statistic and 95% CI on the t-statistic (comparisons with 
95% CI on the t-statistic that do not overlap zero area considered significantly different) 
Test t-statistic Lower CI Upper CI 
Between Treatments 2009 0.4 -1.70 0.21 
Between Treatments 2010 1.8 -0.01 1.20 
Between Years (Burn) 0.5 -0.11 0.18 
Between Years (Control) 1.7 -0.04 0.40 
 
Impact of Habitat Covariates on Mouse Abundance  
White-footed mouse abundance did not differ significantly between treatments in the model-
averaged model. There was, however, a positive association between mouse abundance and the 
control in the model averaged model (Table 19). In the candidate model set (Table 20), white-footed 
mouse abundance was significantly higher in the control than the treatment in 3 of the models and 
was positively associated with abundance in 12 of the 14 models (Appendix C). 
Table 19. Model averaged results from least square regression analyses with mixed effects across the 
14 candidate models 
Model Averaged Values       
Variable Estimate SE Importance 
95% 
LowerCI 
95% 
UpperCI 
Intercept 24.7 25.6 1 -25.56 74.97 
Treatment (Control) 2.0 25.1 1 -47.23 51.25 
Year (2010) -24.9 13.5 0.97 -51.45 1.62 
SC 0.8 1.0 0.60 -1.09 2.64 
UC 0.00007 0.000001 0.24 0.00007 0.00008 
VC 0.1 0.7 0.47 -1.29 1.41 
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Table 20. Set of candidate models used to explain mouse abundance with calculated AICc, ΔAICc, 
and weight presented where SC= shrub cover, UC= understory cover, and VC= volume of CWD 
Model AICc ΔAICc Weight 
Abundance{Treatment+(Treatment|Site)+Year+SC 54.44 0 0.39 
Abundance{Treatment+(Treatment|Site)+Year+VC 55.94 1.5 0.19 
Abundance{Treatment+(Treatment|Site)+Year+SC+VC 56.33 1.89 0.15 
Abundance{Treatment+(Treatment|Site)+Year+UC+VC 57.01 2.57 0.11 
Abundance{Treatment+(Treatment|Site)+Year+UC 57.15 2.71 0.10 
Abundance{Treatment+(Treatment|Site)+Year+UC+SC 60.09 5.65 0.02 
Abundance{Treatment+(Treatment|Site)+SC 61.18 6.74 0.01 
Abundance{Treatment+(Treatment|Site)+VC 62.11 7.67 0.01 
Abundance{Treatment+(Treatment|Site)+Year+UC+SC+VC 63.23 8.79 0.01 
Abundance{Treatment+(Treatment|Site)+UC+SC 63.95 9.51 0.004 
Abundance{Treatment+(Treatment|Site)+SC+VC 64.02 9.58 0.003 
Abundance{Treatment+(Treatment|Site)+UC 66.85 12.41 0.0007 
Abundance{Treatment+(Treatment|Site)+UC+SC+VC 67.81 13.37 0.0005 
Abundance{Treatment+(Treatment|Site)+UC+VC 69.45 15.01 0.0002 
 
White-footed mouse abundance did not significantly differ between years in the model 
averaged model (Table 19). There was, however, a positive association between abundance and year 
(2009). In addition, in each of the 14 individual models, white-footed mouse abundance was 
significantly higher in 2009 than 2010 (Appendix C). Finally, of the variables not a priori included in 
all 14 models, year was the most important predictor of mouse abundance (importance value=0.97). 
White-footed mouse abundance was significantly positively associated with understory cover 
in the model-averaged model (Table 19).  However, understory cover’s importance value, 0.24, was 
<0.4 indicating that it was probably not having a strong influence on mouse abundance (Converse et 
al. 2005).  
Shrub cover was positively, but not significantly, associated with mouse abundance in the 
model-averaged model (Table 19).  Shrub cover, however, was important in predicting mouse 
abundance (importance value=0.60). In the individual models, shrub cover was positively associated 
with mouse abundance in all models that included year and shrub cover (3 out of 4 were significant 
(Appendix C).  However, when year was not included in the model, white-footed mouse abundance 
was significantly negatively associated with shrub cover (Appendix C).  
Volume of CWD was positively, but not significantly, associated with mouse abundance in 
the model-averaged model, but appeared to be an important predictor of mouse abundance 
(importance value= 0.47) (Table 19).  The relationship between volume of CWD and mouse 
abundance varied across the individual models (Appendix C).  Specifically, white-footed mouse 
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abundance was positively associated with volume of CWD in 2 (1 significant) of the 8 models in 
which CWD was included and negatively associated with volume of CWD in 6 (3 significant) models 
(Appendix C).  
 
DISCUSSION 
 In our study, prescribed burning resulted in a significant decrease in the volume of CWD, but 
did not significantly affect shrub or understory cover. In 2009 and 2010, there was roughly half as 
much CWD in the burned area as in the control (Table 5).  Although CWD was significantly lower in 
the burned area compared to the control area in both 2009 and 2010, the magnitude of change 
between years was identical for both treatments (1.1%) indicating that the second burn in 2010 did 
not further reduce the volume of CWD.  Because the areas burned in 2009 were again burned in 2010, 
we expected a larger decrease in the volume of CWD in the burn compared to the control site.  The 
lack of difference in the magnitude of change from 2009 to 2010 between the burned and control sites 
may be related to burn completeness, which is consistent with other studies (Knapp et al. 2005). 
Knapp et al. (2005) found that prescribed burns that burn more completely consume a larger portion 
of downed logs resulting in higher CWD combustion.  Thus, the thoroughness of the 2009 burn, 
compared to the fairly poor burn in 2010 (Table 4), may have resulted in more consumption of 
downed logs in 2009 compared to 2010. Although we did not directly measure CWD consumption, 
the higher percent burns in 2009 do show greater vegetation consumption which supports the idea that 
CWD consumption was greater in 2009 than 2010. As a result, the fire may not have remained in 
contact with the down wood for as long during the 2010 burn and in turn did not consume enough 
wood to significantly reduce the volume of CWD.  
Although shrub cover was not significantly impacted by prescribed burning it did show 
significant annual variation. Between 2009 and 2010, the average percent shrub cover doubled in both 
the burn and control.  Our finding that shrub cover increased regardless of prescribed burning is 
consistent with other studies (Heisler et al. 2003) and may be a result of shrub establishment prior to 
the beginning of this study and the burning. Specifically, Heisler et al. (2003) found that shrubs which 
were well-established prior to burning, i.e. had an extensive root system and produced ample 
seeds/fruit, increased in percent cover regardless of burn intensity or frequency. Unfortunately, we do 
not have data for shrub cover prior to the beginning of our study. Understory cover did not show a 
significant treatment effect which is inconsistent with other studies (McGee et al. 1995, Arthur et al. 
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1998, Hutchinson et al. 2005, Bowles et al. 2007). Bowles et al. (2007) found that summer 
herbaceous cover increased as the number of prescribed burns increased in an Illinois oak forest.  The 
difference between our study and the previously mentioned studies might be timescale. Specifically, 
Bowles et al. (2007) investigated the impact of prescribed burning after 17 years of annual prescribed 
burning and McGee et al. (1995) looked at the impact of prescribed burning 12 years after a single 
and consecutive prescribed burn, which occurred within a 4 year period.  Arthur et al. (1998) and 
Hutchinson et al. (2005) both looked at the impacts of prescribed burning, a single or 2 burns in 4 
years and 2 burns in 4 years or 4 years of annual burning respectively, 3 growing seasons after 
burning. Therefore, a longer period of time or more/repeated fires may be necessary to observe effects 
on understory. 
White-footed mouse abundance, overall, was not significantly impacted by prescribed 
burning in the first growing season post-burning which is contrary to the findings of other studies 
(Ahlgren 1966, Olson et al. 2003, Greenberg et al. 2006, Zwolak and Foresman 2007, Tietje et al. 
2008). Typically, Peromyscus spp. abundance is higher in burned areas compared to unburned areas 
the first growing season post burning due to the increased forage availability and cover (Ahlgren 
1966, Olson et al. 2003, Greenberg et al. 2006, Tietje et al. 2008, Zwolak and Foresman 2008).  
Specifically, the combustion of leaf litter from high-intensity fires has been found to increase 
herbaceous cover due to increased light, space, and nutrient availability, as described above, (Zwolak 
and Foresman 2008) leading to increased seed and arthropod visibility (Ahlgren 1966, Converse et al. 
2006), both of which are important food resources. The lack of significant difference between 
treatments in our study, compared to the previously mentioned studies, may be a result of the lack of 
change in forage availability due to low fire intensity or completeness of our burns.  For example, 
Ford et al. (1999) found that Peromyscus spp. abundance was unaffected by high-intensity prescribed 
burning. They hypothesized that the lack of effect was a result of burn heterogeneity which created a 
mosaic of burned and unburned patches.  The burn mosaic resulted in no significant difference in 
understory cover and thus no differences in forage availability between burned and unburned sites 
(Ford et al. 1999).  The lack of significance may also be attributed to strong temporal variation 
resulting from annual variation in acorn production (Jones et al. 1998). Specifically, acorn mast, 
rather than understory vegetation, may be the most important food resource for mice in Iowa, which 
is consistent with what was found in a comparable ecosystem in Illinois (Batzli 1977).  
The considerable temporal variation in mouse abundance observed in our study has been 
observed in other studies (Jones et al. 1998, Wolff 1996, Goodwin et al. 2004) and may be attributed 
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to changes in acorn production, as indicated above (Ostfeld et al. 2004), weather (Wang et al. 2009), 
and/or cyclic population trends (Kesner and Linzey 1997, Goodwin et al 2004). Annual variation in 
acorn production has been found to be closely associated with temporal fluctuations in mouse 
abundance. Specifically, mouse winter survival has been found to be higher after a high mast year due 
to increased winter forage availability from acorn caches (Ostfeld et al. 1996). Low acorn years, 
however, have been correlated with reductions in mouse abundance due to decreased winter survival 
due to reduced forage availability (Wolff 1996).  Specifically, Wolff (1996) found that during low 
mast years, winter acorn caches were depleted by January, compared to caches persisting until March 
or April during high mast years. Winter weather may also play a role in mouse abundance and 
survival. Wang et al. (2009) found that spring white-footed mouse abundances were significantly 
related to winter temperatures. Specifically, Wang et al. (2009) found that mouse abundance 
decreased as the average number of days with a minimum temperature below -17.8˚C increased 
which he attributed to increased energy expenditure. Mouse populations have also been found to 
cycle over time; Kesner and Linzey (1997) found that white-footed mouse abundance cycled over a 
36 month period regardless of variation in weather or acorn production.  The population cycling was 
hypothesized to be a result of density dependence, in that at high population abundance resources are 
limited and so reproduction decreases resulting in a smaller population the following year.  
We found a weak positive relationship between mouse abundance and percent understory 
cover which is consistent with other studies (Ahlgren 1966, Bock and Bock 1983, McMurry et al. 
1996) and has been attributed to increased forage availability.  Specifically, McMurry et al. (1996) 
found that higher forb abundances in herbicide treated areas compared to burned sites caused white-
footed mice to emigrate from the burned area to the herbicide treated area.  McMurry et al. (1996) 
also found that white-footed mouse survival and litter size was higher in the herbicide treated site 
than the burned site which they attributed to increased forage availability. However, our results 
indicated that understory cover was relatively unimportant to mouse abundance (importance 
value=0.24).  The difference between our study and the previously mentioned studies may be diet.  
Specifically, the diet of white-footed mice in the Midwest is largely dependent on acorn mast rather 
than seeds and leaves from herbaceous cover (Kurta 2005).  As a result, acorn production may be 
more important to white-footed mouse abundance than understory cover. 
The lack of a significant relationship between volume of CWD and mouse abundance was 
surprising due to the importance of CWD to mice for movement corridors and protection from 
predators (Kirkland et al. 1996, Manning and Edge 2004, Converse et al. 2006). Barnum et al. (1992) 
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found that white-footed mice tended to select areas with well decayed large diameter logs because 
they provide increased protection from predators but tended to avoid areas with less CWD.  
Specifically, white-footed mice selected for large, highly decayed logs due to their sound muffling 
ability and ease of movement (Fitzgerald and Wolff 1988, Barnum et al. 1992).  Converse et al. 
(2006) also found that mouse abundance was significantly, positively related to down wood. We, 
however, did not find a significant relationship between decreasing mouse abundance and decreasing 
CWD volume, despite significantly lower levels of CWD in the burned area compared to the control. 
The lack of significant relationship between mouse abundance and CWD has been documented by 
Ford et al. (1999) who attributed this to burn heterogeneity, i.e. the reduction in CWD was not 
consistent across the burned area.  The differences among studies may be related to the degree to 
which prescribed burning reduced CWD.   
White-footed mouse abundance was also expected to be positively associated with shrub 
cover, as has been observed in other studies (Barnum and Anderson 1992, Olson et al. 2003, 
Converse et al. 2006, Greenberg et al. 2006).  Positive associations between shrub cover and mouse 
abundance have been attributed to shrubs providing protection from predators (Kaufman et al. 1983) 
and serving as a food source (Krebs et al. 2010). Specifically, Olson et al. (2003) found that mouse 
abundance significantly declined in burned areas where shrub cover was reduced which they 
attributed to increased predation rates.  Our results identified a positive relationship between shrub 
cover and mouse abundance when the burn and control sites were analyzed together (Table 15), but 
only in 2010 (Appendix C). In 2009, the relationship between mouse abundance and shrub cover was 
negative (Appendix C).  The difference between 2009 and 2010 may be a result of the increase in 
shrub cover between years (Table 7).  Specifically, when shrub cover is low white-footed mice may 
rely on other habitat components such as understory vegetation (Parmenter and MacMahon 1983).  
Parmenter and MacMahon (1983) found that mouse abundance was not significantly impacted by low 
shrub cover when ample understory vegetation was present and provided forage. However, when 
shrub availability was high, mice relied on both shrubs and understory cover for forage.   
 White-footed mouse survival was not significantly impacted the first growing season post-
burning for oak regeneration nor was it significantly different between years despite large differences 
in mouse abundance between years.  The impact of prescribed burning on mouse survival has not 
been well studied.  However, our findings are consistent with Tietje et al. (2008) who found no 
significant difference in brush deermouse (Peromyscus eremicus) survival between burned and 
unburned oak woodlands in California. Tietje et al. (2008) attributed the lack of difference to the 
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arboreal nature of the brush deermouse which allowed them to escape the fire. The lack of 
significance between burned and unburned areas in our study may be a result of our small sample size 
leading to large confidence intervals (Cooch and White 2008) or the minimal impact of prescribed 
burning on habitat components important to white-footed mouse survival, i.e. forage and cover did 
not change enough to impact mouse survival.    
 
CONCLUSION 
 Overall, our results indicate that prescribed burning did not significantly affect white-footed 
mouse abundance or survival the first growing season post burning. However, potential study design 
and scale issues may have impacted the study’s results.  Our failure to find significant relationships 
between mouse abundance and habitat variables as well as differences in mouse abundance and 
survival between treatments is likely related to our low burning success.  In 2009 and 2010, the 
prescribed burns did not carry well across the study sites which caused us to forcibly burn the 
20x20m permanent plots.  The percent covers and volumes of CWD presented are not representative 
of the entire burned area and might overestimate the change in cover or volume at the site level.  As a 
result, the habitat in the burned site may not have changed as much as what was estimated in the 
20x20m permanent plots and thus may not have changed enough to affect white-footed mouse 
abundance or survival. Similar effects were found by Ford et al. (1999) who, as previously stated, 
hypothesized that burn heterogeneity resulted in unburned refuges, areas with unchanged CWD, 
which resulted in no significant change in mouse abundance.   
The short time-scale over which we investigated may have also limited our ability to observe 
significant differences in mouse abundance and survival.  As mentioned above, significant differences 
in vegetation cover may take more than 2 consecutive prescribed burns especially if they are low 
intensity and thus not enough prescribed burns/time may have elapsed to generate a significant 
relationship between mouse abundance and treatment. Finally, the lack of statistical significance 
between mouse abundance and year in the final model averaged model may be a result of the added 
uncertainty (larger standard error) resulting from model averaging.  Specifically, by model averaging, 
the uncertainty as to which model is the “best” is added into the calculation of the model averaged 
standard error resulting in a larger standard error on the parameter estimate in the model-averaged 
model than in each individual model or a result of the trapping session used in the analysis rather than 
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lack of difference. Similarly, when comparing mouse abundance between years, abundance was 
significantly greater in 2009 than 2010 for all trapping sessions except for session 3 (table 14). 
There are several directions for future research on the effects of prescribed burning for oak 
forest management on white-footed mouse abundance and survival. We recommend focusing future 
research on the habitat components (e.g. CWD, understory cover, shrub cover, canopy cover)most 
important to white-footed mice and the degree to which they need to be altered to affect mouse 
abundance and survival.  We also recommend investigating the long-term impact of heterogeneous 
burns on white-footed mouse abundance and survival.  Future studies should also investigate the 
impact of burn season, intensity, and frequency on white-footed mouse abundance and survival in 
relation to habitat change at varying time scales including immediately following prescribed burning 
and long-term.  Due to the generalist lifestyle of white-footed mice, the impacts of prescribed burning 
on white-footed mice may not be representative of the effects of prescribed burning on habitat 
specialists.  As a result, we also recommend investigating the impacts of prescribed burning on 
habitat specialists.   
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CHAPTER 4 
IMPACT OF PRESCRIBED BURNING ON PEROMYSCUS LEUCOPUS AND IXODES 
SCAPULARIS ABUNDANCE 
 
ABSTRACT 
Prescribed burning for oak forest management is an increasingly popular tool that may also 
significantly impact blacklegged (Ixodes scapularis) tick and white-footed mouse (Peromyscus 
leucopus) abundance, the primary vector and one of most competent vertebrate hosts, respectively, of 
Borrelia burgdorferi, the causative agent of Lyme disease. Changes in vertebrate host and vector 
abundance that affect the prevalence of B. burgdorferi may affect the risk of human infection with 
Lyme disease. Over 2 years, we compared white-footed mouse abundance, questing tick abundance, 
and attached tick load in burned vs. unburned plots of forest. White-footed mouse abundance was 
significantly lower in 2010 than 2009, but did not differ between burned and unburned areas. Tick 
load was higher in 2010 than 2009, but did not differ between burned and unburned areas. However, 
the burned and unburned sites differed in the magnitude of change in tick load from 2009 to 2010. 
Specifically, tick load increased twice as much from 2009-2010 in the unburned area relative to the 
burned area (8 and 3.5 fold respectively). This may indicate that prescribed burning reduces rates of 
tick parasitism on mice.  Questing tick abundance was significantly lower in the burned area than the 
control area in both years.  Our research suggests that prescribed burning could function to reduce 
questing tick abundance, and, possibly, attached tick loads on mice thereby acting to decrease B. 
burgdorferi.  
 
INTRODUCTION 
Lyme disease is the most common vector-borne disease of humans in the northern 
hemisphere (CDC 2007).  Lyme disease can result in debilitating symptoms including arthritis, facial 
paralysis, fatigue, and neurological and cardiac problems (CDC 2007).  Lyme disease is caused by the 
spirochete bacterium Borrelia burgdorferi, which cycles between its tick vector and vertebrate host.  
Within the north central and northeastern United States, the bacterium is transmitted via the 
blacklegged tick (Ixodes scapularis) after it obtains a blood meal from an infected host. There are 
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several competent vertebrate hosts of the B. burgdorferi bacteria including the white-footed mouse 
(Peromyscus leucopus), eastern chipmunk (Tamias striatus), meadow vole (Microtus 
pennsylvanicus), and veery (Catharus fuscescens); however, the white-footed mouse appears to be 
one of the most competent hosts (Steere et al. 2004, Waller et al 2007, CDC 2007).  
The competence of the white-footed mouse as host to B. burgdorferi is a result of its ability to 
tolerate repeated and complete tick feedings (Donahue et al. 1987) and obtain and maintain the 
bacteria throughout its life without the bacteria significantly reducing mouse fitness (Mather et al. 
1989, Anderson 1988, Ostfeld et al. 1996, Ogden et al. 2006). The role of white-footed mice as a host 
to blacklegged ticks and B. burgdorferi is further perpetuated by their generalist lifestyle.  White-
footed mice occur in deciduous woodlands, shrubby roadsides, and oak-hickory forests and unlike 
other hosts, the white-footed mouse can tolerate lower quality habitat such as cultivated fields and 
grassy areas, resulting in higher mouse populations in “poor” habitat relative to other hosts 
(LoGiudice et al. 2003, Kurta 2005).  The proportionally higher mouse populations in low quality 
habitats results in more ticks feeding on mice compared to other less competent vertebrate hosts 
resulting in higher prevalence of B. burgdorferi in ticks in low quality/less diverse ecosystems 
(Schmidt and Ostfeld 2001). However, in high quality habitats where species diversity is high and 
host diversity is greater, the prevalence of B. burgdorferi in ticks is lower than in mouse-dominated 
ecosystems, because ticks feed on more hosts at lower competence resulting in a “dilution effect” 
(Ostfeld and Keesing 2000, LoGiudice et al. 2003). Increasing host diversity can result in the 
“dilution effect” when 1 of the 3 mechanisms (host regulation, encounter probability regulation, and 
vector regulation) occurs (Ostfeld 2011).  Host regulation, as described above, occurs when species 
diversity increases as white-footed mouse abundance decreases, reducing the probability a tick will 
obtain a blood meal from a white-footed mouse. Encounter probability regulation occurs when 
increases in species diversity results in altered mouse movement and in turn decreases the likelihood 
of a mouse encountering a tick. Vector regulation occurs when increases in species diversity results in 
differing probabilities that a tick will obtain a complete blood meal from a host, i.e. some vertebrate 
hosts are less or more likely than white-footed mice to remove the ticks during grooming. 
The maintenance and transmission of B. burgdorferi is largely dependent on the life cycle of 
the vector, the blacklegged tick, and its interactions with a competent vertebrate host (e.g. white-
footed mouse), and the environment.  The life cycle of the blacklegged tick is characterized by 4 
distinct life stages: egg, larva, nymph, and adult.  In Iowa, this lifecycle is completed over a 2 year 
period. In Iowa, larvae emerge in May or June and await a host by lying on the leaf litter or on the 
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tips of grasses and shrubs.  Once an acceptable host, usually a mouse, bird, or another small mammal, 
comes into contact with the larva it will attach to the host and obtain a single blood meal.  If the host 
carries B. burgdorferi, it will be taken up by the larval tick during the blood meal and the tick will 
remain infected for life (Ostfeld et al. 1995, Steere et al. 2005, CDC 2007).  After obtaining a blood 
meal, the larva will drop off its host and remain inactive in the leaf litter until the next spring. In 
Iowa, nymphs emerge in April or May and await a host (mice, birds, other small mammals, and 
occasionally larger mammals including humans) on the forest floor, grass blades, or shrubs and obtain 
a single blood meal, during which time there is another opportunity for infection if the host is infected 
(Tanner et al. 2007).  At the same time, if the nymph was infected as a larva, it can transmit the 
bacterium to an uninfected host at this point. By late August the nymph will molt into an adult and 
obtain a blood meal from a large mammal, usually the white-tailed deer, Odocoileus virginianus 
(Main et al. 1982, Anderson et al. 1987, Ostfeld et al. 1995, Oliver et al. 2010).  Although infected 
adult ticks will transmit the bacterium to deer, white-tailed deer do not serve as an amplification host 
for B. burgdorferi (Telford et al. 1988, Mather et al. 1989, LoGuidice et al. 2003). After the adult 
female has obtained a blood meal, it will fall off its host and overwinter in the leaf litter.  In March 
she will reanimate, oviposit in the leaf litter, and die (Stafford 2007).   
The survival of larval and nymph blacklegged ticks is dependent on environmental conditions 
due to their high susceptibility to desiccation. Larval and nymph blacklegged ticks have minimal 
water storage capacity and have a relatively permeable cuticle, making them sensitive to changes in 
relative humidity (Ginsberg and Stafford 2005).  As a result, blacklegged ticks rely heavily on leaf 
litter, duff, and understory cover for moisture control, questing (or awaiting a host), egg laying, and 
overwintering.  Therefore, changes in habitat that increase light penetration and reduce relative 
humidity, can lead to substantial reductions in tick abundance from desiccation. 
Although white-footed mice are generalists and highly adaptable, their survival and 
abundance are also affected by habitat characteristics, particularly the availability of herbaceous 
cover, forage, and coarse woody debris (CWD) (Kirkland et al. 1996, Ford et al. 1999, Tiedemann et 
al. 2000, Olson et al. 2003, Manning and Edge 2004, Converse et al. 2006, Greenberg et al. 2006, 
Zwolak and Foresman 2007).   White-footed mice rely on herbaceous cover for protection from 
predators and for forage (Kurta 2005).  The diet of the white-footed mouse is particularly dependent 
on the presence of wildflower seeds and oak-hickory mast (M’Closkey and Lajoie 1975, Barnum et 
al. 1992). Reductions in the amount of herbaceous cover can lead to less available forage which has 
been found to decrease mouse reproductive potential and increase emigration to areas with more 
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forage thus decreasing local mouse abundance (Tietje et al. 2008). White-footed mice also use CWD 
for protection from predators, movement corridors, and for nesting and refuge sites. Reductions in 
CWD have also been demonstrated to result in mouse emigration causing local declines in abundance 
(Kirkland 1990, Harvestad 1991, Loeb 1996, Manning and Edge 2004, Greenberg et al. 2006).   
Lyme Management 
Human cases of Lyme disease in Iowa are currently increasing from an annual rate of 
infection of 1.2 cases per 100,000 people in 1992 to 3.3 cases per 100,000 people in 2006 (CDC 
2008).  Within Iowa, Allamakee and Clayton counties have the highest concentration of Lyme disease 
with both counties exceeding 116 cases per 100,000 people between 1991 and 2009 (Oliver et al. 
2010). The majority of humans become infected by nymphs because of the timing of their peak 
activity coincides with timing of human outdoor activity (June, pers. comm,: Mimi Habhab) Nymph 
blacklegged ticks are also harder to detect than adults due to their small size, average is 1.6mm for a 
nymph and 2.6 and 3.5mm for adult males and females respectively (CDC 2007, Oliver et al. 2010).   
Lyme disease management has largely focused on decreasing tick abundance and altering 
human behaviors to minimize exposure to ticks (Mather et al. 1993).  Some common tick 
management methods include: leaf litter removal via raking, mowing and clipping to reduce questing 
vegetation, acaracide applications, and prescribed burning.   Removal of leaf litter largely causes 
indirect mortality to ticks by increasing ground temperatures and reducing relative humidities the 
probability of desiccation increases (Schulze et al. 1995).  Mowing and clipping vegetation to 
maintain grass length at or below 15cm also increases ground temperatures and decreases relative 
humidity promoting desiccation (Wilson 1986).  Acaracide application, however, causes direct 
mortality to ticks through penalization (Stafford 2007). Prescribed burning of vegetation for the 
purpose of tick management has focused on causing both direct mortality (consumption of eggs, 
molted nymphs, and questing ticks in fires) and indirect mortality (alteration of understory cover to 
promote desiccation) (Stafford et al. 1998, Ginsberg and Stafford 2005).  
Prescribed burns conducted in spring prior to nymph emergence have been found to reduce 
the population of molted nymphs and eggs through direct consumption of the leaf litter (Stafford et al. 
1998). However, if burning occurs after nymph emergence only questing nymphs are consumed along 
with the eggs while nymphs attached to hosts capable of burrowing or emigrating can escape the fire 
(Mather et al. 1993). Tick abundance is also reduced immediately following prescribed burning due 
to changes in microclimate conditions that indirectly lead to tick mortality as described above. 
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Reducing the number of nymphs prior to obtaining a blood meal decreases the number of potentially 
infected ticks feeding on a given host, and thus reduces the likelihood a host will become infected 
(Stafford et al. 1998).  Reducing the number of vertebrate hosts infected with B. burgdorferi prior to 
larval emergence decreases the number of larvae that become infected and in turn the number of 
infected nymphs the following year. 
White-footed mouse abundance can be reduced for 1-2 months following prescribed burning 
due to lack of available forage and cover which decreases reproductive success and promotes 
emigration as described above (Kirkland et al. 1996, Tietje et al. 2008).  Reductions in mouse 
populations may affect tick populations and B. burgdorferi prevalence in ticks and mice (Zwolak and 
Foresman 2007, Tietje et al. 2008). Prescribed burning after nymph emergence was found by Stafford 
et al. (1998) to immediately reduce the prevalence of B. burgdorferi in burned areas compared to 
unburned areas.  Stafford et al. (1998) hypothesized that the decreased prevalence was a result of 
attached nymphs emigrating with their hosts, leaving only surviving questing ticks in the burned area, 
which have a lower probability of infection than attached ticks.  Specifically, if prescribed burning 
reduces the proportion of ticks infected with B. burgdorferi fewer infected nymphs will feed and 
potentially infect mice prior to larval feeding, reducing larval infection rates (Stafford et al. 1998).  
 Although mouse and tick populations have been observed to decline immediately following 
prescribed burning, the reductions appear to be temporary.  By the first growing season post burn (i.e.  
3 months after a spring burn), enhanced plant/forage growth has been found to lead to increased 
white-footed mouse populations as a result of immigration and increased reproduction (Converse et 
al. 2006, Tietje et al. 2008).  As mice immigrate into the burned area they bring with them attached 
ticks.  The immigration of attached ticks on white-footed mice has been hypothesized to result in an 
increased abundance of ticks within the burned area and also an increased prevalence of B. 
burgdorferi in ticks since attached ticks have a higher probability of being infected than questing ticks 
(Mather et al. 1993).  
Although Lyme disease management has largely focused on intentional reductions to tick 
populations, management activities for other purposes, such as prescribed burning for oak 
management, may also decrease tick and mouse populations and in turn B. burgdorferi prevalence. 
Prescribed burning for oak regeneration focuses on 1) reducing tree density and canopy cover at 
ground level through direct mortality of dominant fire-sensitive species, 2) reducing competition from 
fire-sensitive species in the understory via direct seedling mortality, and 3) creating a seedbed 
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conducive to oak regeneration by combusting the leaf litter. The purpose of this study was to assess 
the effects of prescribed burning on mouse abundance, blacklegged tick abundance and B. 
burgdorferi prevalence. Specifically, we investigated the impact of prescribed burns on 1) mouse 
abundance 2) attached tick loads on white-footed mice, 3) questing tick abundance, and 4) infection 
prevalence of B. burgdorferi in attached blacklegged ticks, questing blacklegged ticks, and white-
footed mice in the first growing season after burning. 
 
METHODS 
Study Site 
This study was conducted at the Brayton Memorial Forest which is a 129.5ha research and 
demonstration site owned by Iowa State University (ISU) located 3 miles north of Hopkinton in 
Delaware County, Iowa in the northeast part of the state.  The area is characterized by moderately 
rolling hills (5-25% slope) and a mixture of Dubuque and Nordness silt loam soils derived from 
deciduous forests (USDA soil survey of Delaware County 2009).  The region’s average weather 
includes: annual precipitation, 902mm; summer (June-August) precipitation, 324mm; annual snow 
fall, 115cm; growing season length (days between the last spring frost and the first fall frost), 162 
days; and mean July temperature, 22˚C (NOAA National Virtual Data Systems). 4-2ha study sites 
were selected based off of the Brayton Memorial Forest Inventory of 1972; there are 6-20x20m 
permanent plots in each site. 3 of the 4 sites were burned in April of 2009 and 2010.  1 site was left 
unburned to serve as a control. 
Prescribed Burning 
Prescribed burning was conducted on April 17, 2009 and April 22, 2010 in 3 of the study 
sites using strip backing fires, fires that burn into the wind (Pyne 1996), ignited with drip torches. The 
burn dates were selected based on weather conditions, vegetation state, and crew availability.  The 
desired weather conditions were southerly winds between 16-24kph, ambient air temperatures around 
20˚C, and relative humidity between 25-50%. To promote understory combustion, prescribed burns 
were conducted after snow melt but prior to vegetation green-up.  To investigate the impact of 
prescribed burning on understory vegetation and CWD, for Chapter 2, the 6-20x20m permanent plots 
in each site were burned independently, to ensure each permanent plot burned as thoroughly as 
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possible. Within 1 month of the burn, each of the 6-20x20m permanent plots in each site was revisited 
and the percent burn was visually estimated.  
Mouse and Tick Sampling 
In each year, white-footed mice were trapped using mark-recapture, robust design 
methodology during 3 primary sessions of 5 trap nights each.   All trapping was carried out during the 
first growing season after burning in 2009 and 2010 (6/6-6/10, 6/26-7/1, and 7/26-7/31).  Trapping 
was conducted using collapsible Sherman live traps along 2-100m trapping transects in each study 
site (Figure 1).  Each 100m transect was divided into 10 trapping stations with 2 traps per trapping 
station, 1 arboreal trap and 1 ground trap, for a total of 40 traps per site.  Arboreal traps were placed 
on wooden platforms and either bungeed or screwed to a tree 1-2m above the ground.  Ground traps 
were placed along potential travel pathways.  
Figure 1. Study site layout with each box representing a 20x20m permanent plot and the 2 black lines 
representing the 100m trapping and tick drag transects 
 
 
 
 
 
 
 
Newly captured mice were uniquely marked with metal ear tags, condition information was 
gathered, and ear and tick samples were collected for identification and B. burgdorferi testing. The 
condition information gathered included sex, weight, age, and tail and hind foot length. Ear samples 
for B. burgdorferi testing were collected from the periphery of the right ear and placed in 2ml 
microcentrifuge tubes and frozen until analysis.  In order to collect information on tick load, the 
number of ticks attached (of all life stages and species) to a mouse’s ears was counted. A maximum 
of 2 ticks per capture were removed for identification and B. burgdorferi testing.  The removed ticks 
were placed in 2ml microcentrifuge tubes filled with 70% ethanol. 
Questing ticks were actively sampled weekly between May 26 and July 31 in 2009 and 2010 
via tick drags. All tick drags were conducted using a 1m
2
 flannel cloth which was dragged along the 
2-100m trapping transects in each site, stopping every 20m to remove ticks (Figure 3).  Ticks 
collected during the survey were placed in 2ml microcentrifuge tubes by site and date collected.  All 
ticks were stored in 70% ethanol for later identification and B. burgdorferi testing. Tick surveys were 
90 
 
conducted prior to 1100 hours or after 1500 hours, to avoid the heat of the day, and only when the 
vegetation was dry to increase probability of collection. 
All collected ticks were identified to species and life stage (larva, nymph, adult). 
Weather Data Collection 
 Weather data were collected from the National Virtual Data System produced by NOAA 
from Independence, Iowa.  The Independence weather station is the closest weather station to the 
research site at 64.37km. 
Laboratory Methodology 
DNA Extraction and Confirmation 
 DNA from mouse ear tissue for Borrelia burgdorferi testing was extracted using DNeasy® 
Blood and Tissue Kits (Qiagen, Valencia, CA, USA).  Prior to extraction, the ear samples were cut in 
half and the hair was removed to reduce spin column clogging.  The amount of DNA extracted was 
quantified using a spectrophotometer. 
In order to verify that DNA had been successfully extracted from mouse samples, a 225 base 
pair fragment of the COIII gene of mouse mitochondrial DNA (mtDNA) was amplified following the 
polymerase chain reaction (PCR) protocol developed to distinguish between Peromyscus maniculatus 
(deer mice) and  P. leucopus (Tessier et al. 2004). Specifically, a P. maniculatus primer (GGA GTT 
TAT GGG TCT ACA TTC), a P. leucopus specific primer (CAT TTC TAA TAG TGT GCC TC), 
and a reverse primer (TAT TGA GGA TCC TAC TCT CTT AGT) were used in the PCR reaction as 
described in detail by Tessier et al. (2004).  1µl of DNA was amplified in an 11µl  master mix 
solution comprised of 1µl of 10x Taq buffer, 2.5µl of 2mM DNTP, 0.3µl of each primer, 0.1µl of 
Hotstart Taq, and 7.2µl of deionized water (Qiagen, Valencia, CA, USA). PCRs were run under the 
following conditions: an initial denature of 5 minutes at 95˚C; 29 cycles of 30 seconds at 94˚C, 30 
seconds at 56˚C, and 30 seconds at 72˚C, and a final extension of 5 minutes at 72˚C. 
Tick DNA was only extracted from questing I. scapularis nymphs and adults and attached I. 
scapularis larvae and nymphs.  Individual questing ticks and attached nymphs were each extracted 
separately. Attached larvae collected on the same day from the same mouse were pooled (pools of 1-3 
in 2009 and 1-4 in 2010) and extracted together based on the assumption that if the host was infected 
then all larval ticks that fed to repletion obtained the bacteria from the mouse from which they were 
removed.  
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Tick DNA was also extracted using DNeasy® Blood and Tissue Kits (Qiagen, Valencia, CA, 
USA) following the methodology presented in Beati and Keirans (2001).  Prior to extraction, ticks 
were dried in a thermocycler to remove excess ethanol. Dried ticks were placed in an 180µl ATL lysis 
buffer with either 20 or 40µl of Proteinase K depending on life stage, larvae and nymphs received 
20µl and adults received 40µl. Prior to centrifuging, the tick’s remaining cuticle was removed from 
the extraction solution and preserved in 70% ethanol. 
Confirmation of successful extraction of tick DNA was completed by amplifying a 340 base 
pair fragment of the 12S gene of tick mtDNA.  The primers used were T1B (5’-AAA CTA GGA TTA 
GAT ACC CR-3’) and T2A (5’- AAT GAG AGC GAC GGG CGA TGT-3’).  The master mix had 
2.5µl of DNA in a 25µl solution comprised of 2.5µl of 10x Taq Buffer, 2.5µl of 2mM DNTP, 0.5µl of 
each primer, 0.4µl of Hotstart Taq, and 16.1µl of deionized water.  The PCR conditions consisted of: 
an initial 5 minute denature at 94˚C; 5 cycles of 20 seconds at 94˚C, 25 seconds at 60˚C dropping by 
2˚C each cycle, and 30 seconds at 72˚C decreasing by 0.2˚C each cycle; 10 cycles of 20 seconds at 
94˚C, 35 seconds at 50˚C decreasing 0.1˚C each cycle, and 30 seconds at 71˚C decreasing 0.2˚C each 
cycle; and 20 cycles of 20 seconds at 94˚C, 35 seconds at 49˚C, and 30 seconds at 68˚C. 
To ensure all PCRs were properly executed without contamination, a negative control (no 
template DNA), and a positive control was included for mouse DNA; however, we did not have a tick 
positive control; therefore, a random selection, 10% of the samples, were re-tested.  Mouse positive 
controls were samples from an exploratory study conducted in 2008 which validated the samples as 
positive.  All PCR products were electrophoresed on 1% agarose gels stained with ethidium bromide 
and visualized using a UV transilluminator. A band of 225 base pairs was indicative of P. leucopus 
DNA and a band of 340 base pairs indicated I. scapularis DNA had been successfully extracted.  
Borrelia burgdorferi Testing 
Testing for B. burgdorferi was carried out on all tick samples for which 12S DNA was 
successfully amplifies and all mouse samples identified as P. leucopus. Presence of B. burgdorferi 
was determined by amplifying a portion of the rrƒA-rrlB intergenic spacer (IGS) following the 
methodology presented in Derdáková et al. (2003) using the IGSa (CGA CCT TCT TCG CCT TAA 
AGC) and IGSb (AGC TCT TAT TCG CTG ATG GTA) primers.  DNA, 2.5µl, was amplified in a 
25µl master mix solution of 2.5µl of 10x Taq buffer with 15mM Mg2+, 1.5µl of 25mM Magnesium 
acetate, 0.5µl of 10mM DNTP, 1.25µl of each primer, 0.1µl of 5U/µl Taq, 5µl of TaqMaster 
enhancer, and 10.4µl deionized water (MasterTaq DNA polymerase kit, Eppendorf, Westbury, N.Y.).  
92 
 
PCR reactions were carried out using a touchdown PCR program consisting of 5 minutes of initial 
denature at 94˚C; 5 cycles of 15 seconds at 94˚C, 25 seconds at 61˚C decreasing 0.2˚C each cycle, 
and 30 seconds at 72˚C; 5 cycles of 15 seconds at 95˚C, 25 seconds at 60˚C decreasing 0.4˚C each 
cycle, and 30 seconds at 72˚C; 24 cycles of 15 seconds at 94˚C, 30 seconds at 58˚C, and 30 seconds at 
72˚C, and a final extension for 5 minutes at 72˚C.  
The positive control was a cultured B. burgdorferi DNA sample provided by the Centers for 
Disease Control (CDC).  All PCR products were electrophoresed on 1% agarose gels stained with 
ethidium bromide and visualized with a UV transilluminator. Positive samples had a band present at 
roughly 260 base pairs. 
Statistical Analysis 
White-footed Mouse Abundance 
White-footed mouse abundance was determined in program MARK using weighted averages 
(White and Burnham 1999) (see Chapter 3). Weighted averages were used to provide an 
unconditional estimate of sampling variance, covariance, and standard error for each site by session 
and year (White 2002). 
Mouse abundance estimates were compared between sites, sessions, and years using 95% 
confidence intervals.  95% confidence intervals on the estimates of mouse abundance were compared 
between each burn site and the control, i.e. B1 vs. C, B2 vs. C, and B3 vs. C.  If the 95% confidence 
intervals did not overlap, the abundance estimates were considered statistically different.  However, if 
the 95% confidence intervals overlapped a t-statistic was calculated and a 95% confidence interval on 
the t-statistic (Equation 1).  Because, non-overlapping 95% CI are always indicative of significant 
differences but overlapping 95% CI are not always evidence that estimates are not significantly 
different, the t-statistic and 95% CI on the t-statistic was further assess if abundance estimates were 
significantly different (Knezevic 2008). If the calculated 95% confidence interval on the t-statistic did 
not overlap 0 mouse abundances were considered significantly different. The same methodology was 
used to determine if mouse abundance differed among sessions or between years. 
Equation 1. Calculation for the 95% confidence interval on the t-statistic 
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Attached Tick Load 
 The number of attached ticks (tick load), was counted for each mouse the first time it was 
captured during each trapping session.  Tick load was estimated by counting the number of ticks 
attached to a mouse’s ears prior to tick removal (for B. burgdorferi testing).  Because it is difficult to 
identify larval and nymphal ticks to species visually all species and age classes of ticks were included 
in the measure of tick load.  
The relationship between attached tick load and treatment (burn vs. control), trapping session 
(1, 2, and 3), year (2009 vs. 2010), and mouse abundance (by site) was evaluated using Poisson 
regression analysis in program JMP (statistical software JMP 8.0.1, SAS Foundation of Statistical 
Computing, 2009).  A full factorial model with tick load as the response variable and treatment, 
session, year, and mouse abundance as the explanatory variables was executed. Due to limited 
degrees of freedom, all interactions with 3 or more variables were eliminated.  Interaction terms with 
p-values above 0.25 were sequentially eliminated (from highest to lowest) until the final model had 
variables with p-values <0.25 (Bancroft 1968). 
Questing Tick Abundance 
Questing tick abundance was determined following the methodology presented in Stafford et 
al. (1998) by multiplying the number of questing ticks collected per drag in each site by the area 
sampled.  The abundance estimates were converted to ticks per hectare by 21-day sampling sessions 
(5/26-6/16, 6/17-7/8, and 7/9-7/30).  Each 21-day sampling session overlapped 1 of the 3 mouse 
trapping sessions to allow us to compare mouse abundance to tick abundance. 
 The relationship between questing tick abundance and treatment, session, year, and mouse 
abundance per hectare was evaluated using linear regression analysis in program JMP.  A full 
factorial linear model with tick abundance as the response variable and treatment, session, year, and 
mouse abundance as the explanatory variables was run. Due to limited degrees of freedom, all 
interactions with more than 2 variables were eliminated.  Interaction terms with a p-value above 0.25 
were sequentially eliminated (from highest to lowest) until the final model had variables with a p-
value <0.25 (Bancroft 1968). 
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Weather  
3 weather variables were investigated for differences between years and trapping sessions: 
average daily temperature, average daily relative humidity, and average daily saturation deficit.  
These weather data were collected from the Independence station. The average daily saturation deficit 
was calculated following the methodology presented in Randolph and Storey (1999) as a measure of 
the air’s drying ability. 
 The relationship between weather variables and year and session was evaluated using simple 
linear regression in program JMP.  Three full factorial models were run with average daily 
temperature, average daily relative humidity, or average daily saturation deficit as the response 
variable and year and session as the explanatory variables.   
 
RESULTS 
Prescribed Burns 
Weather conditions on the days of burning were characterized by southerly winds between 5-
21kph, ambient air temperatures of 18.9-22.2˚C, and relative humidity between 33 and 56% (Table 
1).  The burns were variable among 20x20m plots and across sites with an average percent burn of 
54% in 2009 and 25% in 2010 (Table 2). 
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Table 1. Date, time, and weather conditions during the prescribed burns collected from the NOAA 
weather station in Independence, IA 
Date Time 
Temperature 
(˚C) 
Dew 
Point 
Wind 
Direction 
Wind Speed 
(kph) 
Relative 
Humidity 
Sky 
Conditions 
4/17/2009 1200 19 36 S 13 38 Clear 
 1300 20 36 SE 5 38 Clear 
 1400 21 34 SE 8 36 Clear 
 1500 22 32 S 19 34 Clear 
 1600 22 28 S 11 33 Clear 
 1700 22 21 SE 14 34 Clear 
 1800 22 21 SE 13 35 Clear 
 1900 20 23 SE 8 38 Clear 
        
4/22/2010 1100 19 52 VARIABLE 5 56 Clear 
 1200 19 50 VARIABLE 5 47 Clear 
 1300 29 49 S 11 40 Clear 
 1400 21 48 SW 21 40 Clear 
 1500 21 49 S 8 38 Clear 
 1600 21 49 S 10 38 Clear 
 1700 21 50 SW 11 42 Clear 
 
Table 2. Percent burns for each 20x20m permanent plot within the burned area (B1, B2, and B3) in 
2009 and 2010 (estimates were made visually within a month of the burn) 
  Percent Burn 
Site Plot 2009 2010 
B1 1 70 25 
 2 75 15 
 3 85 10 
 4 85 25 
 5 85 35 
 6 95 25 
B2 1 95 55 
 2 80 65 
 3 70 40 
 4 35 50 
 5 50 25 
 6 60 15 
B3 1 45 20 
 2 1 2 
 3 0 2 
 4 10 25 
 5 10 2 
 6 25 6 
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White-footed mice 
In 2009, 255 tagged mice were captured 620 times in 2140 trap nights for a trapping success 
rate of 29.0% (Table 3). In 2010, 112 tagged mice were captured 470 times in 2354 traps nights for a 
trapping success rate of 20.0% (Table 3).  
Table 3. Total number of mice trapped, including recaptures, in each site in 2009 and 2010 (B1, B2, 
and B3 were burned and C was the unburned control) 
Site 2009 2010 
B1 166 144 
B2 176 150 
B3 109 106 
C 174 131 
  
White-footed mouse abundance was significantly higher in 2009 than 2010 for all sites during 
sessions 1 and 2 and for B1 and B2 during session 3 as well (Table 4).  However, white-footed mouse 
abundance was not significantly different between treatments (burn vs. control) in sessions 1 and 2 of 
2009 and sessions 1 and 3 of 2010 (Table 5).  Mouse abundance in 2009, however, was significantly 
higher in the control than B3 (95% CI on the t-static=0.17, 1.83) during the second session and in 
2010, the burned sites (B1, B2, and B3) had significantly higher mouse abundance than the control 
during session 2 (Table 5). 
Table 4. Estimated mouse abundanceº (95% confidence intervals) for each site by session 
  B1   B2   B3   C 
Session  2009 2010   2009 2010   2009 2010   2009 2010 
1 
37 
(28,47) 
15 
(10,20) 
 
40 
(30,49) 
14 
(9,18) 
 
30 
(22,38) 
11 
(7,15) 
 
35 
(26,44) 
10 
(7,14) 
2 
58 
(41,75) 
18 
(17,18) 
 
61 
(43,79) 
22 
(20,24) 
 
43 
(30,57) 
16 
(15,16) 
 
51 
(35,66) 
15 
(14,15) 
3 
43 
(25,61) 
19 
(10,28) 
 
36 
(21,52) 
22 
(12,32) 
 
20 
(11,30) 
22 
(12,32) 
 
42 
(24,59) 
24 
(13,35) 
ºAbundance and 95%CI on the abundance estimates were rounded down to the nearest whole number 
 
White-footed mouse abundance differed significantly among trapping sessions but the 
differences were not consistent across sites or between years (Table 5).  Specifically, in 2009 white-
footed mouse abundance was significantly higher in session 2 than session 1 in B1 and B2 (95% CI 
on the t-statistic: B1=1.22, 40.38 and B2=0.85, 41.71) but not in B3 or the control (95% CI on the t-
statistic: B3=-2.34, 29.23 and C=-0.08, 31.86).  White-footed mouse abundance was also significantly 
higher in session 2 than 3 in 2009 for sites B2 and B3 (95% CI on the t-statistic: B2=0.93, 48.16 and 
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B3=6.24, 39.50), however, in 2010 sessions 2 and 3 were not significantly different in B3 (95% CI on 
the t-statistic: -3.69, 16.03) (Table 5). 
Table 5.  Mouse abundance* estimates with 95% confidence intervals by site, session, and year with 
significant differences among sessions within sites ˚ and across sites within sessionsº  
  2009     2010 
  B1 B2 B3 C   B1 B2 B3 C 
Session 
1 
37
a,Y
 
(28,47) 
40
a,Y
 
(30,49) 
30
a, XY
 
(22,38) 
35
a,X
 
(26,44) 
 
15
a,X
 
(10,20) 
14
a,Y
 
(9,18) 
11
a,Y
 
(7,15) 
10
a,X
 
(7,14) 
Session 
2 
58
a,X
 
(41,75) 
61
a,X
 
(43,79) 
43
a,Y
 
(30,57) 
51
a,X
 
(35,66) 
 
18
b,X
 
(17,18) 
22
a,X
 
(20,24) 
16
c,X
 
(15,16) 
15
d,Y
 
(14,15) 
Session 
3 
43
a,XY
 
(25,61) 
36
ab,Y
 
(21,52) 
20
b,X
 
(11,30) 
42
a,X
 
(24,59) 
 
19
a,X
 
(10,28) 
22
a,XY
 
(12,32) 
22
a,XY
 
(12,32) 
24
a,Y
 
(13,35) 
*Abundance estimates were rounded down to the nearest whole number                                    
˚Abundance estimates within years with different lower case letters (a and b) are significantly 
different between sites                                     
  ºAbundance estimates within years with different capital letters (X and Y) are significantly different 
between sessions 
 
Attached Ticks 
   In 2009, average attached tick load was 0.85±0.1 ticks per mouse and ranged from 0-13 with 
a median of 0.  From the captured mice, 234 (176 larvae, 55 nymphs, and 3 unknown) ticks were 
removed and identified to species of which 82% were I. scapularis (Table 6).  In 2010, average tick 
load was 3.52±0.3 ticks per mouse with a range of 0-38 and a median of 3. Of the attached ticks, 366 
(330 larvae, 17 nymphs, and 19 unknown) were removed and identified to species, 89% of which 
were I. scapularis.  
Table 6. Total number of attached ticks removed in 2009 and 2010 by species and site (B1, B2, and 
B3 were burned, C was the unburned control) 
  2009   2010 
Site 
I. 
scap. 
*D. 
var *A. am 
Ixodes 
spp.˚ *Unk.   
I. 
scap 
*D. 
var *A. am 
Ixodes 
spp. *Unk. 
B1 43 2 0 2 1 
 
55 1 0 4 3 
B2 39 7 0 2 1 
 
92 5 0 5 1 
B3 75 8 4 1 1 
 
101 0 0 8 3 
C 35 13 0 0 0   78 0 0 10 0 
* I. scap is Ixodes scapularis, D. var is Dermacentor variabilis, A. am is Amblyomma americanum, 
and Unk. is unknown, which were ticks too mutilated to identify to genus or species 
˚ Ixodes spp. were ticks that were too mutilated to identify to species but were intact enough to 
identify to genus 
 
The regression analysis on attached tick load indicated there were significant interactions 
between year and session, year and treatment, and year and mouse abundance (Table 7). The 
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interaction between year and session indicated that attached tick load varied across trapping sessions 
differently in 2009 and 2010. Specifically, attached tick load consistently declined from trapping 
session one to trapping session 3 in 2009. However, in 2010, attached tick load was lowest in session 
2 and peaked in session 3 (Figure 2). The interaction between year and treatment indicated that 
attached tick load was higher in the burned sites (mean=0.9, SE=0.1) than the control site in 2009 
(mean=0.6, SE=0.1) but was reversed in 2010 with the control site (mean=4.8, SE=0.1) having a 
higher attached tick load than the burned sites (mean=3.1, SE=0.3). The interaction between year and 
mouse abundance showed that attached tick load increased with increasing mouse abundance in 2010, 
but tick load was higher at low to intermediate mouse abundances in 2009 (Figure 3). It is important 
to note, however, that mouse abundances were very different in 2009 and 2010 such that “high” 
mouse abundance in 2010 was very similar to “low” mouse abundance in 2009. 
Table 7. Results* of the Poisson regression analysis of attached tick load as a function of treatment, 
session, year, and mouse abundance  
Term Estimate SE P-value 
Intercept 1.6 0.3 <0.001 
Session[1] 0.1 0.2 0.64 
Session[2] -0.001 0.1 1.00 
Year[2009] -0.7 0.2 <0.001 
Session[1]*Year[2009] 0.1 0.2 0.72 
Session[2]*Year[2009] 0.8 0.2 <0.001 
Treatment[Burn] 0.1 0.04 0.26 
Year[2009]*Treatment[Burn] 0.2 0.04 <0.001 
Mouse abundance -0.03 0.01 0.02 
Session[1]*(Mouse abundance-35.2776) 0.01 0.01 0.68 
Session[2]*(Mouse abundance-35.2776) -0.02 0.01 0.06 
Year[2009]*(Mouse abundance-35.2776) -0.04 0.01 <0.001 
*Session*treatment and treatment*mouse abundance interactions were eliminated because p-
value=0.65 and 0.55 respectively 
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Figure 2. Average number of attached ticks with standard errors in 2009 and 2010 by session, lines 
indicate standard error 
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Figure 3. Average number of attached ticks per mouse as a function of mouse abundance in each site 
in 2009 and 2010 
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Questing Ticks 
 75 (32 larvae, 37 nymphs, 2 adults, and 4 unknown) questing ticks were collected from 7 drag 
surveys in 2009 with a range of 2-16 ticks collected per site within each sampling session and a 
median of 6 (Table 8).  Of the 75 collected ticks, 70 were identified to species and 5 to genus, of 
which 88% were I. scapularis (Table 9). In 2010, 31 (20 larvae and 11 nymphs) questing ticks were 
collected during 7 surveys with a range of 0-10 ticks collected per site within each sampling session 
and median of 1.5.  Of the 31 collected ticks we were able to identify 30 to species and 1 to genus, of 
which 84% were I. scapularis. The other species identified in each year were Dermacentor variabilis 
and I. dentatus. 
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Table 8. Total number of questing ticks collected during each session by site and life stage in 2009 
and 2010  
    2009   2010 
Site Session Larvae Nymphs   Larvae Nymphs 
B1 1 1 0 
 
0 0 
B2 
 
0 5 
 
0 1 
B3 
 
4 1 
 
0 1 
C 
 
1 6 
 
1 1 
B1 2 1 1 
 
0 0 
B2 
 
0 2 
 
0 2 
B3 
 
0 3 
 
1 2 
C 
 
0 5 
 
1 0 
B1 3 6 1 
 
1 0 
B2 
 
2 4 
 
1 0 
B3 
 
5 6 
 
4 1 
C 
 
12 2 
 
10 0 
 
Table 9. Total number of questing ticks collected in 2009 and 2010 by species and site (B1, B2, and 
B3 were burned, C was the unburned control) 
2009   2010 
  
I. 
scapularis 
I. 
dentatus 
D. 
variabilis 
Ixodes 
spp.   
I. 
scapularis 
I. 
dentatus 
D. 
variabilis 
Ixodes 
spp. 
B1 9 1 0 2 
 
0 1 0 0 
B2 11 2 0 0 
 
4 1 0 0 
B3 20 0 0 0 
 
10 0 0 0 
C 26 0 1 3   12 2 0 1 
 
 The regression results indicated that the abundance of questing ticks was significantly higher 
in the control than the burned sites (F-test= 0.2, p=0.001) (Table 10). There was also a significant 
interaction between year and mouse abundance which indicated that questing tick abundance tended 
to increase with increases in mouse abundance in 2010 (Figure 4).  In 2009, questing tick abundance 
appeared to be higher at lower mouse abundances. It is important to note, however, that mouse 
abundance was very different in 2009 and 2010 such that “high” mouse abundance in 2010 was very 
similar to “low” mouse abundance in 2009. 
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Table 10. Results* of the regression analysis of questing tick abundance as a function of treatment, 
session, year, and mouse abundance  
Term Estimate SE t Ratio p-value 
Intercept 69.8 43.5 1.6 0.13 
Treatment[Burn] -44.6 9.5 -4.7 <0.001 
Session[1] 14.0 16.9 0.8 0.42 
Session[2] -31.7 15.0 -2.1 0.05 
Treatment[Burn]*Session[1] -3.6 13.5 -0.3 0.79 
Treatment[Burn]*Session[2] 25.3 13.6 1.9 0.08 
Year[2009] -16.3 24.6 -0.7 0.52 
Mouse Abundance per ha 7.3 3.9 1.9 0.08 
Year[2009]*(Mouse Abundance per ha-14.6806) -11.3 3.7 -3.0 0.01 
*Treatment*year, treatment*mouse abundance, session*year, and session*mouse abundance 
interactions were eliminated because the p-value=0.50, 0.53, 0.45, and 0.83 respectively 
 
Figure 4. Plot between mouse abundance and the average number of questing ticks per hectare within 
each site in 2009 and 2010 by site 
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Borrelia burgdorferi  
 In 2009, we successfully amplified white-footed mouse DNA from all 255 samples.  Tick 
DNA was successfully amplified from 1 questing adult, 29 questing nymphs, 153 attached larvae, and 
32 attached nymphs. Of the P. leucopus and 12S positive I. scapularis ticks, none were positive for B. 
burgdorferi.  In 2010, we successfully amplified white-footed mouse DNA from 109 of the 112 
captured mice, we did not have ear samples for 3 individuals.  Tick DNA was successfully amplified 
in 9 questing nymphs, 312 attached larvae, and 7 attached nymphs.  Of the mice and ticks for which 
DNA was successfully amplified and subsequently tested for B. burgdorferi, 1 set of tick samples 
tested positive for B. burgdorferi. The infected sample was from a set of 2 attached larvae removed 
from a mouse that was captured in the unburned site on 7/28/2010.  The mouse from which the 
positive larvae were removed was collected on 6/7/2010 and did not test positive for B. burgdorferi. 
Weather 
 Significant temporal trends in temperature were apparent between years and among sessions.  
In 2010, the temperature was significantly warmer than in 2009 (Estimate=1.6 p=0.01) with the 
average daily temperatures increasing as the summer progressed in both years.  There were no 
significant differences between years in relative humidity or saturation deficit (Estimate=-0.7, p=0.74 
and Estimate= 0.1, p=0.14 respectively).  However, average daily relative humidity did significantly 
vary among sessions such that relative humidity in session 3 was higher than in session 1, but 
somewhat lower than in session 2 (Table 11). 
Table 11. Results* of regression analysis on average relative humidity by session and year  
Term Estimate SE t Ratio p-value 
Intercept 76.4 0.8 94.5 <0.001 
Session[1] -4.4 1.1 -3.9 <0.001 
Session[2] 2.2 1.2 1.9 0.06 
Year[2009] -0.03 0.8 -0.03 0.97 
*Year by session interaction was removed because the p-value=0.76 
 
 
DISCUSSION 
We found no significant differences between unburned and burned sites in mouse abundance 
for the majority of trapping sessions; however, white-footed mouse abundance decreased by relatively 
the same magnitude across all sites between 2009 and 2010 during the first and second trapping 
sessions (Table 12). Although studies have shown Peromyscus spp. abundance to decrease as a result 
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of prescribed burning (Kitchings and Levy 1981, Tallmon et al. 2003, Maning and Edge 2004, 
Zwolak and Foresman 2007, Tietje et al. 2008) our data indicate that temporal variation, rather than 
prescribed burning, is likely driving fluctuations in mouse abundance over this short time scale.  This 
difference could be a result of burn intensity and/or time scale factors.  Specifically, high-intensity 
burns have been found to significantly reduce understory vegetation for longer periods than low-
intensity burns (McGee et al. 1995) and this may alter the response observed for mouse abundance 
changes over time. In terms of temporal variation, Tietje et al. (2008) conducted sampling 
immediately following a prescribed burn and found that Peromyscus spp. abundance was reduced the 
first month post burn but by 7 months post-burn Peromyscus spp. abundance was higher in the burned 
area compared to the unburned control.  Because we sampled 2-3 months post-burn, rather than 
within a month or 7 months after burning, we may not have sampled soon enough or long enough 
after the burn to observe any significant changes.  
Table 12. Magnitude of change (2009/2010) between 2009 and 2010 for mouse abundance* in each 
site (B1, B2, and B3 were burned and C was left unburned to serve as the control)  
  Session 1   Session 2   Session 3 
Site 2009 2010 Change   2009 2010 Change   2009 2010 Change 
B1 37 15 -2.5 
 
58 18 -3.2 
 
43 19 -2.3 
B2 40 14 -2.9 
 
61 22 -2.8 
 
36 22 -1.6 
B3 30 11 -2.7 
 
43 16 -2.7 
 
20 22 -0.9 
C 35 10 -3.5 
 
51 15 -3.4 
 
42 24 -1.8 
*Abundance estimates were rounded down to the nearest whole number                                          
                            
The considerable temporal variation in mouse abundance observed in our study has been 
observed in other studies (Jones et al. 1998, Wolff 1996, Goodwin et al. 2004) and may be attributed 
to changes in acorn production (Ostfeld et al. 2004), weather (Wang et al. 2009), and/or cyclic 
population trends (Kesner and Linzey 1997, Goodwin et al 2004). Annual variation in acorn 
production has been found to be closely associated with temporal fluctuations in mouse abundance. 
Specifically, mouse winter survival has been found to be higher after a high mast year due to 
increased winter forage availability from acorn caches (Ostfeld et al. 1996). Low acorn years, 
however, have been correlated with reductions in mouse abundance from decreased winter survival 
due to reduced forage availability (Wolff 1996).  Specifically, Wolff (1996) found that during low 
mast years, winter acorn caches were depleted by January, compared to caches persisting until March 
or April during high mast years. Winter weather may also play a role in mouse abundance and 
survival. Wang et al. (2009) found that mouse abundance decreased as the average number of days 
with a minimum temperature below -17.8˚C increased which he attributed to be the result of 
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increased energy expenditure. Mouse populations have also been found to cycle over time; Kesner 
and Linzey (1997) found that white-footed mouse abundance cycled over a 36 month period 
regardless of variation in weather or acorn production.  The population cycling was hypothesized to 
be a result of density dependence, in that at high population abundance resources are limited and so 
reproduction decreases resulting in a smaller population the following year.  
While mouse abundance declined in both burned and unburned sites from 2009 to 2010, the 
average number of ticks attached to a mouse increased in both treatments between years (Figure 5).  
Across the 2 years of our study, attached tick loads were lowest in 2009 when mouse abundance was 
highest. When mouse abundance declined in 2010, average tick loads were much higher.  Lower tick 
loads at higher mouse abundances have been hypothesized to be a result of density-dependent mouse 
movement such that at low densities white-footed mice occupy larger home ranges and potentially 
encounter more questing ticks (Wolff and Lundy 1985, Ostfeld et al. 1995, Ostfeld et al. 1996). 
Conversely, when mouse abundance is high and home ranges are small (Wolff and Lundy 1985) tick 
attachment may be decreased because mice come into contact with fewer questing ticks.  
While the average number of attached ticks increased in both burned and unburned sites from 
2009 to 2010, the magnitude of increase was much greater in the control than burned sites.  In the 
control site the average number of attached ticks increased over 8-fold between 2009 and 2010 
compared to a 3.5-fold average increase across the burned area (i.e. the average of B1, B2, and B3) 
(Table 13).  The difference in magnitude of change between treatments occurred despite a similar 
reduction in mouse abundance between 2009 and 2010 in both treatments during sessions 1 and 2 
indicating that mouse abundance alone was not driving the observed differences in tick attachment 
between years. The difference in attached tick load between years may instead be related to the 
effects of prescribed burning. Specifically, prescribed burning, when conducted prior to nymph 
emergence, has been found to significantly reduce nymph and larva abundance through the direct 
consumption of morphed nymphs and eggs within the leaf litter (Mather et al. 1993, Stafford et al. 
1998).  The reduction in tick abundance observed by Stafford et al. (1998) was apparent at all life 
stages (larva, nymph, and adult) within a month of the prescribed burn. Reducing larval and nymph 
tick abundance has been found to be directly related to attached tick loads within a year (Brunner and 
Ostfeld 2008). 
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Table 13. Magnitude of change in the average numbers of attached ticks in each treatment (burned 
and unburned) between years 
  
Average 
# Ticks 
2009 
Average 
# Ticks 
2010 
Change 
(10/09) 
Burn 0.9 3.1 +3.4 
Control 0.6 4.8 +8.2 
 
The impact of prescribed burning on average attached tick load may vary with burn intensity 
as a result of direct mortality (Scifres et al. 1988, Padgett et al. 2009). Specifically, Scifres et al. 
(1988) found that the survival of eggs and nymphs was significantly reduced from a complete high-
intensity fire.  However, Padgett et al. (2009) found that tick survival was unaffected from low-
intensity prescribed burns.  Although we did not measure percent burn outside the 20x20m permanent 
plots, average tick loads did vary across sites as a function of the percent burn within the 20x20m 
permanent plots (Figure 5).  Even though the 20x20m permanent plots were burned separately, and 
thus do not represent the burn completeness of the site as a whole, they do provide a rough indication 
of each area’s ability to burn by providing an estimate of how completely the area could burn under 
ideal conditions.  As a result, the observed decreased ability of the burn to carry and the higher tick 
abundance and attached tick levels in B3 (Figure 5), support the hypothesis that more complete burns, 
i.e. higher percent burns, result in increased tick mortality and in turn lower tick attachment, 
compared to less complete burns.  This hypothesis is supported by other studies which have found 
that tick survival decreases with increased burn exposure time, burn completeness, and/or burn 
intensity (Drew et al. 1985, Scifres et al. 1988, Davidson et al. 1994). 
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Figure 5.  Average number of attached ticks in each site (B1, B2, B3, and control) in 2009 and 2010 
as a function of average percent burn within the 20x20m permanent plots 
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Attached tick load has also been found to vary seasonally (Kitron et al. 1991, Ostfeld et al. 
1996, Goodwin et al. 2004).  Goodwin et al. (2004) found that blacklegged tick attachment varied by 
season depending on the life stage which was most active such that tick attachment peaked in early 
summer when nymphs were most active in New York and again in August/September when larvae 
were most active. Although we did not identify all attached ticks to life stage, our data support the 
temporal variation found in Goodwin et al. (2004) resulting from nymph and larvae activity.  
Specifically, we found that tick attachment was highest in session 1 (June) in 2009 and in session 3 
(late July) of 2010 (Table 7) which coincides with peak nymph and larval activity respectively. We 
hypothesize that the difference in seasonal trends between 2009 and 2010 is a result of the most 
abundant life stage such that in 2009 nymphs were most abundant and in 2010 larvae were most 
abundant. This hypothesis is supported by proportionally more nymphs being collected in 2009 than 
2010 and proportionally more larvae being collected in 2010 than 2009 (Table 14).  The change 
C 
C 
B3 
B3 
B1 
B1 B2 
B2 
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between years may be a result of a higher nymph population, as assumed by attachment, in 2009 
resulting in a higher adult population and in turn higher reproduction in 2009 causing a larger larvae 
population in 2010. The lower nymph population in 2010 may be a result of higher rates of direct 
mortality to eggs (and thus fewer larvae produced) in 2009 compared to 2010 from a more complete 
burn, as explained earlier. 
Table 14. Proportion* of attached ticks identified to species in each life stage in 2009 and 2010 
  Larvae Nymphs 
2009 0.8 0.2 
2010 0.9 0.1 
*In 2009, 234 attached ticks were identified and in 2010, 366 attached ticks were identified 
 
In both years, questing tick abundance was significantly lower in burned sites compared to 
the unburned site.  We hypothesize that our fires were primarily causing direct mortality to eggs and 
nymphs in the leaf litter. Both prescribed burns were conducted in April, which is prior to nymph 
emergence in Iowa (Oliver et al. 2010). Although we did not measure tick survival during the fire, 
other studies have found that burns occurring prior to emergence significantly reduce egg and molted 
nymph survival through direct mortality (Mather et al. 1993).  Our data support this hypothesis by the 
relatively similar magnitudes of change between years in the number of questing larvae and nymphs 
(2.3 and 2.8 fold decrease respectively) and the total number of questing ticks in the burned area 
compared to the control (3 fold and 2 fold decrease respectively) despite significantly warmer 
ambient temperatures in 2010.   Specifically, if indirect mortality was having a strong effect we 
would expect to see a larger magnitude of change in the burned area compared to the control between 
years due to the significantly higher temps in 2010 and combustion of leaf litter, duff, and understory 
cover in the burned area (Schulze et al. 2002, Ginsberg and Stafford 2005).  Perhaps the explanation 
for the lack of indirect mortality in our study is our fire’s inability to significantly reduce understory 
cover in burned sites relative to the control site in either year (see Chapter 2).   
Although we were unable to detect B. burgdorferi in more than 1 sample, our findings 
indicate that B. burgdorferi is present in the area. There are several possible explanations for the low 
prevalence of B. burgdorferi despite abundant blacklegged tick and white-footed mouse populations 
including: the timing of sample collection, the bacteria occurring at very low levels within the sample 
area (Hamer et al. 2010), the bacteria not present at high enough concentrations in our samples to be 
detected using our methodology, the small number of nymphs we collected, or our ear samples were 
not collected from the best location (Hofmeister and Childs 1995).  Specifically, the mouse ear 
sample from which the positive tick sample was identified was collected prior to the collection of the 
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tick sample (6/7/2010 and 7/28/2010 respectively) and thus the mouse may have become infected 
with B. burgdorferi after the ear sample was collected but prior to the tick sample collection.   Our 
mouse ear sampling location (periphery of ear) also may have impacted our test results as Hofmeister 
and Childs (1995) found that B. burgdorferi presence was detected less frequently with peripheral ear 
samples compared to central ear samples when using PCR for detection. The detection of B. 
burgdorferi in a set of attached larval ticks, but not the mouse they were attached to, may also be 
attributed to the test’s sensitivity, inhibition, or transovarial transmission.  Transovarial transmission, 
or the transmission of a pathogen from female parent to her eggs, although extremely rare, causing 
<1% of all tick infections, has been observed in the transmission of B. burgdorferi between Ixodid 
ticks (Telford et al. 1988). 
 
CONCLUSION 
The low prevalence of B. burgdorferi detected in our study does not allow us to directly 
comment on the impact of prescribed burning on B. burgdorferi prevalence. However, our research 
indicates that prescribed burning reduced questing tick abundance and was correlated with a lower 
magnitude of change in attached tick loads from one year to the next which may reduce B. 
burgdorferi prevalence in the vector and vertebrate host relative to non-burned areas.  Specifically, if 
spring burns result in direct mortality of nymphs, there will be fewer ticks feeding on and potentially 
infecting white-footed mice. Reduced prevalence in mice would result in lower infection rates in 
larval ticks and thus fewer infected nymphs the following year. Direct mortality to eggs may also 
reduce the overall population of larval ticks. Increased fire intensity may have even greater impacts 
on tick mortality via both direct and indirect effects, further reducing B. burgdorferi prevalence. Our 
research indicates that prescribed burning for oak regeneration may be beneficial for reducing tick 
abundance; however, it is unclear how long these effects would persist. 
 In order to better understand the potential impacts of prescribed burning on B. burgdorferi 
prevalence, future studies should focus on investigating relationships between fire intensity and tick 
survival and B. burgdorferi prevalence in ticks and mice. We also recommend investigating the burn 
intensity and frequency required to alter microhabitat conditions (light penetration, relative humidity 
at ground level, canopy cover, understory cover) enough to cause indirect mortality of ticks through 
desiccation. Microhabitat research should also investigate the impact of increased vegetation cover 
post-burning on tick survival. Future research should also focus on the long-term implications of 
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prescribed burning on tick abundance, mouse abundance, and B. burgdorferi prevalence in ticks and 
mice.   
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CHAPTER 5 
GENERAL CONCLUSIONS 
 
GENERAL FINDINGS 
 For this project we investigated the impact of prescribed burning for oak (Quercus spp.) 
regeneration on forest understory plant communities and coarse woody debris (CWD) volume and 
decay. We also examined the impact of habitat changes caused by prescribed burning on white-footed 
mouse (Peromyscus leucopus) abundance and survival as well as potential impacts on Borrelia 
burgdorferi, the causative bacteria of Lyme disease, prevalence via impacts on white-footed mouse 
abundance, quest blacklegged tick (Ixodes scapularis)abundance, and tick attachment on white-footed 
mice. 
Understory vegetation diversity and richness decreased across a gradient of increasing 
percent burn. The decrease in species diversity and richness appears to be a result of the compound 
effects of consecutive prescribed burns causing top-kill without increasing light and water availability 
to promote regeneration and colonization. Our species area curves also showed that the burned 
treatments required a smaller sampling area to obtain a comparable number of unique species when 
species diversity varied by percent burn in 2010.  However, in 2009, when species diversity did not 
significantly vary by percent burn, a larger sampling area was required in the burned area than the 
control to observe a comparable number of unique species. Although the focus of this study was on 
oak regeneration following prescribed fire, the time-scale of our project did not allow us to observe 
significant changes in oak regeneration or density of mid canopy shade tolerant trees, see Chapter 2 
(Reich et al. 1990, Johnson et al. 2002, Hutchinson et al. 2005). 
Our results indicate that prescribed burning for oak regeneration did not significantly affect 
white-footed mouse abundance or survival the first growing season after burning.  However, white-
footed mouse abundance did show a significant difference between years which may be attributed to 
changes in acorn production (Ostfeld et al. 2004), weather (Wang et al. 2009), and/or cyclic 
population trends (Kesner and Linzey 1997, Goodwin et al 2004). Although, white-footed mouse 
abundance did not appear to be significantly impacted by prescribed burning, at least not at the short 
time-scale in which we investigated, the declines in shrub cover, as described above, and volume of 
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CWD, as described in Chapter 3, resulting from prescribed burning may lead to reduced mouse 
abundance over longer time periods.   
With respect to vertebrate hosts and vectors associated with Lyme disease, our research 
indicated that questing tick abundance was lower in burned sites than the unburned site in both years. 
Attached tick loads were higher in 2010 than 2009. However, the magnitude of increase from 2009 to 
2010 was lower in burned sites relative to the control site (8 fold in control vs. 3.5 fold in burn).  We 
were unable to detect B. burgdorferi in enough samples to directly comment on the impact of 
prescribed burning on B. burgdorferi prevalence. With respect to Lyme disease management, 
however, spring prescribed burns which result in the direct mortality of nymphs and eggs could 
decrease the number of ticks feeding on and potentially infecting white-footed mice. Reduced 
prevalence in mice would result in lower infection rates in larval ticks and thus fewer infected 
nymphs the following year. 
 
MANAGEMENT IMPLICATIONS 
Prescribed burning for oak regeneration could be coupled with wildlife habitat and invasive 
vegetation management by managing percent burn, or burn completeness, to focus on the understory 
group of interest.  For example, the reduction in invasive cover as percent burn increased supports 
management practices that promote complete burns, or higher percent burns.  The reduction in shrub 
cover with increases in percent burn supports management practices that promote less complete burns 
(lower percent burns) for wildlife species dependent on habitat complexity.  
When burning to incorporate multiple management objectives, i.e. oak regeneration and 
wildlife habitat, it is important to consider burn season.  Fall prescribed burns, rather than the spring 
prescribed burns we conducted, have been found to positively impact cool-season species (Sparks et 
al. 1998) and garlic mustard (Allaria petiolata)(Luken and Shea 2000) and tend to be more intense 
(Brown and Davis 1973). While spring prescribed burns tend to favor warm-season species (Sparks et 
al. 1998), reduce garlic mustard (Nuzzo 1991), and are typically less intense (Brown and Davies 
1973).  
Although prescribed burning did not impact the abundance or survival of white-footed mice, 
the reductions in shrub cover with increased percent burn, see Chapter 2, and lower CWD volume in 
the burned area compared to the control, see Chapter 3, may negatively impact mouse abundance.  
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Our research indicates that the habitat covariates most important in predicting mouse abundance were 
shrub cover and CWD volume, which in general were positively associated with mouse abundance. 
The potential reductions in mouse abundance may be beneficial for Lyme disease management if 
mouse abundance or survival is reduced while the abundance or survival of less competent hosts is 
promoted. Reduction in mouse abundance without also decreasing other wildlife populations has been 
found to decrease B. burgdorferi prevalence in nymph blacklegged ticks by reducing the number of 
blood meals obtained from white-footed mice relative to less competent hosts (Ostfeld et al. 2006). 
Reducing the prevalence of B. burgdorferi in nymph blacklegged ticks reduces the probability of 
human infection with Lyme disease since nymphs are the most common life stage to infect humans 
(Ostfeld et al. 2006).  However, reducing mouse abundance may decrease predator abundance by 
reducing prey availability (Fryxell et al. 1999), increase Gypsy moth populations (a major defoliator 
in deciduous forests) from decreased mouse predation (Yahner and Smith 1991), and reduce oak and 
hazelnut (Corylus spp.) seed dispersal and recruitment (Kollmann and Schill 1996). Therefore, if 
management objectives are to reduce Gypsy moth populations, for example, actions may be required 
to mitigate any negative impacts of prescribed burning on shrub cover or CWD.  One way to reduce 
or increase the potential reduction in mouse abundance is to time prescribed burns according to shrub 
establishment and CWD moisture. Specifically, burning after shrubs are well established decreases 
shrub mortality or dieback while burning prior to shrub establishment may result in significant 
reductions in shrub cover (Heisler et al. 2003). Olson and Platt (1995) also found that shrubs were 
less likely to recover and resprout after August prescribed burns than June in a Louisiana pine 
savanna. August prescribed burns have also been found to consume significantly more rotten logs 
(decay class 4 and 5) than June prescribed burns, in the Rocky Mountains, due to decreased moisture 
content in the fall (Brown et al. 1981). As a result, if the management objective is to promote white-
footed mouse abundance, we recommend burning in late spring after shrubs are well established. 
Burning in spring will also reduce the combustion of highly decayed logs which are preferred by 
mice. However, if reducing mouse and tick abundance, to aid in Lyme management, is a management 
objective then burning should occur earlier in the year prior to shrub establishment. A second fall 
burn, however, may also be needed to reduce highly decayed logs. 
Prescribed burning for oak regeneration may also benefit Lyme disease management by 
reducing questing tick abundance and attached tick loads when burning occurs prior to tick 
emergence.  Although we did not measure tick mortality, our data indicated that direct mortality, 
rather than indirect mortality, was likely driving the reductions in questing tick abundance, which is 
consistent with other studies (Mather et al. 1993), see Chapter 4. By burning prior to nymph 
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emergence, April or May in Iowa (Oliver et al. 2010), a greater proportion of nymphs may be killed 
compared to burning after nymph emergence due to their decreased mobility, i.e. molted nymphs in 
the leaf litter are less mobile than when attached to a host (Stafford et al. 1998).  Burning prior to tick 
emergence may reduce B. burgdorferi prevalence in mice and ticks by killing nymphs, which could 
be infected with B. burgdorferi, prior to obtaining a blood meal. This could reduce mouse infection 
and in turn larval tick infection, see Chapter 4.  Prescribed burning may also reduce mouse infection 
with B. burgdorferi and consequently tick infection by decreasing the number of ticks attached to a 
mouse, relative to unburned areas, which has been hypothesized to decrease the probability of mouse 
infection, see Chapter 4 (Jones et al. 1998). 
Based on our findings we recommend future research focus on the impacts of burn intensity, 
frequency, and completeness on understory vegetation and CWD as well as the subsequent impacts of 
habitat change on white-footed mouse abundance and survival.  To better understand the potential 
impacts of prescribed burning on B. burgdorferi prevalence, future studies should focus on 
investigating relationships between fire intensity and frequency on tick survival and B. burgdorferi 
prevalence in ticks as well as mice. We recommend studying these changes at varying time scales 
including immediately following prescribed burning as well as over a longer time period. 
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APPENDIX A 
PERCENT OF 20X20M PERMANENT PLOTS IN WHICH EACH SPECIES OF 
VEGETATION WAS FOUND IN 2009 AND 2010 
 
    2009   2010 
Scientific Name 
Habitat 
Group
+
 B1 B2 B3 
B-
All˚ C   B1 B2 B3 
B-
All C 
Acer saccharum S 17 0 0 6 33 
 
17 0 0 6 17 
Actaea pachypoda  F 0 0 0 0 0 
 
0 0 17 6 0 
Adiantum pedatum FE 0 0 33 11 83 
 
0 0 33 11 83 
Alliaria petiolata I 100 100 100 100 100 
 
100 100 100 100 100 
Anemone acutiloba  F 0 0 0 0 0 
 
0 0 17 6 17 
Arctium spp. I 17 0 0 6 0 
 
17 0 0 6 0 
Arisaema triphyllum F 100 83 100 94 100 
 
50 50 67 56 67 
Artyrium filix-femina FE 17 33 83 44 67 
 
33 50 83 56 67 
Aster spp. F 0 0 0 0 0 
 
50 50 33 44 17 
Campanula 
americana  F 67 33 33 44 17 
 
100 50 33 83 67 
Carduus spp. I 0 0 0 0 0 
 
17 0 0 6 0 
Carya spp. S 33 67 50 50 83 
 
67 67 100 78 83 
Caulphyllum 
thalictroides F 17 17 67 33 0 
 
33 0 33 22 0 
Circiaea canadensis F 100 100 83 94 83 
 
100 100 100 100 83 
Cornus spp. SH 0 0 0 0 0 
 
0 0 0 0 17 
Desmodium 
canadense F 100 100 83 94 100 
 
100 100 100 100 83 
Dicentra cucullaria F 33 67 50 50 0 
 
1 1 83 61 67 
Erigeron annuus  F 0 0 0 0 0 
 
33 0 0 11 0 
Eupatorium rugosum  F 100 100 100 100 100 
 
100 100 100 100 100 
Fern* FE 33 0 0 11 0 
 
17 0 0 6 0 
Forb* F 0 0 0 0 0 
 
0 0 0 0 33 
Fraxinus spp. S 0 0 0 0 50 
 
17 0 17 11 0 
Galium spp. F 100 17 17 44 67 
 
100 33 17 50 100 
Geranium maculatum F 100 100 100 100 100 
 
100 83 100 94 100 
Geum canadense  F 100 83 83 89 100 
 
100 100 100 100 83 
Grass and Sedge G&S 83 83 67 78 67 
 
100 83 100 94 100 
Hydrophyllum 
virginianum  F 17 0 0 6 67 
 
100 67 83 83 83 
Impatiens capensis  F 0 33 0 11 0 
 
100 100 67 83 100 
Laportea canadensis  WN 100 100 100 100 100 
 
100 100 100 100 100 
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Maianthemum 
racemosum  F 50 50 100 67 100 
 
67 33 67 56 83 
Onoclea sensibilis FE 0 0 17 6 17 
 
0 0 0 0 17 
Osmorhiza claytonii F 0 0 33 11 0 
 
0 0 0 0 0 
Osmorhiza longistylis F 100 100 100 100 100 
 
33 100 100 78 83 
Oxalis spp. F 17 0 0 6 17 
 
17 0 0 6 0 
Parthenocissus 
quinquefolia V 100 100 100 100 100 
 
100 100 100 100 100 
Phegopteris 
hexagonoptera FE 0 0 0 0 17 
 
0 0 33 11 17 
Phryma leptostachya  F 100 100 50 83 83 
 
100 100 67 89 100 
Podophyllum 
peltatum  F 50 100 83 78 100 
 
67 33 67 56 33 
Prunus serotina S 0 0 0 0 0 
 
0 0 0 0 33 
Quercus spp. S 50 50 17 39 67 
 
33 0 0 11 0 
Ribes spp. SH 100 83 100 94 83 
 
83 67 100 83 100 
Rosa spp. SH 0 0 17 6 0 
 
0 17 67 28 50 
Rubus spp. SH 100 83 67 83 50 
 
100 83 100 94 67 
Sanguinaria 
canadensis F 0 17 17 11 0 
 
0 0 0 0 0 
Sanicula canadensis F 100 100 100 100 100 
 
100 100 100 100 100 
Smilax spp. SH 0 0 0 0 0 
 
83 67 100 83 100 
Tilia americana S 17 17 0 11 0 
 
0 0 0 0 0 
Toxicodendron 
radicans and 
Amphicarpaea 
bracteata V 100 83 67 83 83 
 
100 83 100 94 100 
Ulmaceae spp. S 67 100 100 89 100 
 
83 50 83 72 67 
Vicia americana F 0 0 0 0 0 
 
0 17 0 6 0 
Vine* V 0 33 0 11 0 
 
0 0 33 11 0 
Viola spp F 100 83 67 83 100 
 
100 50 67 72 100 
Vitis spp. V 17 50 17 28 83   67 67 67 67 50 
*Individuals not identified to genus or species 
˚B-all was calculated by averaging the 3 burned sites (B1, B2, and B3) 
+Habitat groups are: F=forbs, FE=ferns, G&S=grasses and sedges, I=invasives, S=seedlings, 
SH=shrubs, WN=wood nettle, and V=vines 
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APPENDIX B 
IMPACT OF PRESCRIBED BURNING FOR OAK REGENERATION ON WHITE-FOOTED 
MOUSE NEST SITE SELECTION 
 
INTRODUCTION 
Prior to European settlement the Northeastern, mid-Atlantic, and Midwestern regions of the 
United States were dominated by white oak (Quercus alba) forests which were maintained by 
frequent, low-intensity prescribed burns by Native Americans (Abrams 2003, Parker and Ruffner 
2004).  Oak forests continued to dominate through early European settlement (Cutter and Guyette 
1994).  However, with the onset of railroad development, town expansion, and timber harvesting a 
dramatic decrease in white oak forests occurred which was exacerbated by local fire bans and fire 
suppression (Abrams 1996, Hutchinson et al. 2003). The combination of forest clearing and fire 
suppression lead to a shift in forest composition and structure which decreased oak and favored fire-
sensitive, shade-tolerant species (Cutter and Guyette 1994, Nowacki and Abrams 2008). By the 
1980s, however, the U.S. Forest Service began to implement and promote prescribed burning as a 
management tool to encourage oak regeneration (Pyne 1996).   
In order to increase white oak forest distribution, forest managers are attempting to learn 
about and return management to pre-European fire regimes in order to increase oak regeneration. 
Forest managers are focusing on 1) reducing tree density and canopy cover at ground level through 
direct mortality of dominant fire-sensitive species, 2) reducing competition from fire-sensitive species 
in the understory through direct seedling mortality, and 3) creating a seedbed conducive to oak 
regeneration by combusting the leaf litter which increases the amount of acorn surface area in contact 
with the soil and the amount of nitrogen (N), phosphorous (P), and potassium (K) available to 
seedlings (Reich et al. 1990, Johnson et al. 2002, Hutchinson et al. 2005). Through the use of 
prescribed burning for oak regeneration forest managers have significantly altered coarse woody 
debris (CWD) and snag, standing dead tree, volume (Blake and Schuette 2000, Knapp et al. 2005).  
 CWD is dead standing or downed wood larger than 2.5cm in diameter and may include such 
things as snags, downed logs, chunks of downed wood, downed branches, and coarse roots (Brown et 
al. 2003).  During a fire event, CWD combusts resulting in a decrease in CWD volume (Kirkland et 
al. 1996, Brown et al. 2003).  The combustion of CWD, however, may not be consistent across decay 
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classes.  Stephens and Moghaddas (2005) found that decay classes 1 and 2 were unaffected by 
burning but that decay classes 3, 4, and 5 were significantly reduced (Table 1).  The difference in 
consumption may be a result of differing levels of moisture among decay classes.  Specifically, 
Knapp et al. (2005) found that prescribed burns were less likely to consume logs with >25% moisture. 
However, by 3 years after a moderate to high-intensity burn the volume of CWD has been shown to 
increase relative to pre burn conditions (Kirkland et al. 1996, Brown et al. 2003, Graham et al. 2005).  
The increase in CWD has been attributed to increases in the number of downed logs, branch 
fragments, and snags that result from direct mortality to fire-sensitive species (Graham et al. 2005). 
Table 1. Decay classification for coarse woody debris adapted from Stephens and Moghaddas (2005) 
Decay 
Class Structural integrity Wood Texture 
1 Sound Intact, no rot; conks on stem absent 
2 Heartwood sound, sapwood somewhat 
decayed 
Mostly intact; sapwood partly soft and starting to 
decay; wood cannot be pulled apart by hand 
3 Heartwood sound; log supports its 
weight 
Large, hard pieces sapwood can be pulled apart by 
hand 
4 Heartwood rotten; log does not support 
its weight, but shape is maintained 
Soft, small, blocky pieces; metal pin can push apart 
heartwood 
5 No structural integrity; no longer 
maintains shape 
Soft, powdery when dry 
 
 Snag abundance has been found to increase as a result of prescribed burning via direct 
mortality of trees or fire scarring followed by fungal or beetle infestation (Harrod et al. 1998, Blake 
and Schuette 2000, Hessburg et al. 2010). Specifically, Blake and Schuette (2000) found that 
prescribed burning in a Missouri oak forest increased the number of standing medium sized dead oak 
trees from 3.6±0.9 trees/ha after a single prescribed burn to 5.1±1.17 trees/ha after two consecutive 
burns compared to 1.5±0.4 trees/ha on the control. Harrod et al. (1998) found that snag density 
increased from 42 to 246 snags/ha after a high-intensity fire and from 27 to 63 snags/ha after a low-
intensity fire in the Great Smokey Mountain National Park 3 years after burning. The increase in snag 
abundance, however, is only temporary (Agee 2002).  Agee (2002) found that snag volume peaked 3 
years post burning and by 20 years post burning was nearly ¼ of its peak volume.  The temporal trend 
in snag volume is a result of snag decay and conversion to CWD.  As a result, Agee (2002) found that 
CWD volume was significantly higher 20 years post burning than 3 years. 
The initial reduction in CWD and increase in snag abundance may impact nest site selection 
of the white-footed mouse (Peromyscus leucopus). White-footed mice use both arboreal and ground 
nests during the spring and fall for rearing young and protection against predators and adverse 
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weather (Madison 1977, Wolff and Hurbutt 1982, Lackey et al. 1985, Wolff and Durr 1986). The 
nests are generally found 5-10m above ground in dead trees or under highly decayed (classes 4 and 5) 
CWD with a diameter >5cm (Wolff and Hurlbutt 1982, Barnum et al. 1992). Both arboreal and 
ground nests are typically comprised of grass, leaves, hair, feathers, plant material, shredded bark, 
and moss (Edwards and Pitt 1952, Wolff and Hurlbutt 1982, Kurta 2005).  The completed nests are 
usually between 15 and 25cm in diameter (Kurta 2005).   
Although white-footed mice use arboreal and ground nests during the summer months it has 
been found that they use ground nests more often despite preferring arboreal nests (Wolff and 
Hurlbutt, 1982).  Specifically, Dooley and Dueser (1996) found that white-footed mice shifted from 
ground nests to arboreal nests as arboreal nests became available.  Similarly, Nicholson (1941) found 
that white-footed mice used arboreal nests more often than ground nests for rearing young when nest 
boxes were used to increase arboreal nest site availability. Thus, the frequent use of ground nests is a 
result of limited availability of exploitable arboreal nests rather than preference (Wolff and Hurlbutt 
1982, Dooley and Dueser 1990). Since fire increases snag density and decreases CWD, arboreal nest 
site availability may increase and ground nest site availability may decrease resulting in a shift in nest 
site use by white-footed mice after fire.     
Currently, little research has been conducted on nest site selection by white-footed mice and 
the impacts of habitat change on nest site selection.  As a result, it is the purpose of this study to 
determine how differences in microhabitat characteristics from prescribed burning affect nest site 
selection of the white-footed mouse.  Specifically, we investigated 1) the impact of prescribed 
burning for oak regeneration on nest site abundance (arboreal vs. ground), 2) differences in 
microhabitat characteristics between burned and unburned nest sites, and 3) differences in 
microhabitat characteristics between arboreal and ground nest sites.  
 
METHODS 
Study Site 
This study was conducted at the Brayton Memorial Forest which is an 129.5ha research site 
owned by Iowa State University located 3 miles north of Hopkinton in Delaware County, Iowa in the 
northeast part of the state.  The area is characterized by moderately rolling hills (5-25% slope) and a 
mixture of Dubuque and Nordness silt loam soils derived from deciduous forests (USDA soil survey 
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of Delaware County 2009).  The region’s average weather includes: annual precipitation, 902mm; 
summer (June-August) precipitation, 324mm; annual snow fall, 115cm; growing season length (days 
between the last spring frost and the first fall frost), 162 days; and mean July temperature, 22˚C 
(NOAA National Virtual Data Systems).  4-2ha study sites were selected based off of pre-existing 
20x20m permanent plots; there are 6 permanent plots in each site. 3 of the 4 sites were burned in the 
spring of 2009 and then again in the spring of 2010.  1 of the sites was left unburned to serve as a 
control. 
Prescribed Burning 
 Prescribed burns were conducted on April 17, 2009 and April 22, 2010 in 3 of the study sites 
using strip backing fires, fires that burn into the wind (Pyne 1996), ignited with drip torches. The burn 
dates were selected based on weather conditions, vegetation state, and crew availability.  The desired 
weather conditions were southerly winds between 5-21kph, ambient air temperatures around 20˚C, 
and relative humidity between 25-50%. To promote understory combustion, prescribed burns were 
conducted after snow melt but prior to vegetation green-up.  To investigate the impact of prescribed 
burning on understory vegetation and CWD, the 6-20x20m permanent plots in each site were burned 
independently, to ensure that the entire plot burned as thoroughly as possible. Within a month of the 
burn, each of the 6-20x20m permanent plots in each site was revisited and the percent burns were 
visually estimated by the same observer in 2009 and 2010.  
White-footed Mouse Sampling and Nest site Locating 
In each year, white-footed mice were trapped using mark-recapture, robust design 
methodology (i.e. multiple short trapping periods, primary sessions, with trap free periods in between 
each primary session (Cooch and White 2008)) during 3 primary sessions of 5 trap nights each.   All 
trapping was carried out during the first growing season post burning in 2009 and 2010 (6/6-6/10, 
6/26-7/1, and 7/26-7/31).  Trapping was conducted using collapsible Sherman live traps along 2-
100m trapping transects in each study site.  Each 100m transect was divided into ten equally spaced 
trapping stations with 2 traps per trapping station, 1 arboreal trap and 1 ground trap, for a total of 40 
traps per site.  Arboreal traps were placed on wooden platforms and either bungeed or screwed to a 
tree 1-2m above the ground.  Ground traps were placed along potential mouse travel pathways.  
Traps were opened and baited with either peanut butter and oats or whole oats at 1900 hours 
and checked at 0700 hours the following day.  Newly captured mice were uniquely marked using 2 
metal ear tags, to reduce tag loss, and condition information was gathered. Condition information 
included sex, weight, age/pelage color, and tail and hind foot length. On the last day of each trapping 
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session, a quilting cocoon, a roll of string in a plastic coating, was glued to the nape of neck in order 
to track the mouse to its nest.  Specifically, the loose end of the string was tied to the arboreal trap 
stand and the string attached to the mouse unraveled as the mouse moved providing a trail to the nest 
site.  To minimize any adverse effects of the cocoon’s weight, 2g, they were only placed on mice 
weighing ≥27g, or a maximum of 7% of the mouse’s body weight, in 2009.  In 2010, however, 4 sizes 
of quilting cocoons were created to increase sample sizes.  The 4 sizes were 2g, 1.3g, 1.0g, and 0.7g 
and were placed on mice weighing ≥30g (6.7% of body weight), ≥26g (5% of body weight), ≥20g 
(5% of body weight), and ≥14g (5% of body weight) respectively. Twenty-four hours after the mouse 
was released the string was tracked to the nest site.   
Nest site Habitat Sampling 
Nest sites were classified as arboreal or ground.  For all arboreal nests the length and width of 
the nest site opening, height of the nest site off of the ground, tree species, tree type (alive or dead), 
decay state (Table 1), and microhabitat data were recorded. For ground nests, only the length and 
width of the opening and microhabitat data were recorded. 
Nest site microhabitat sampling was conducted in a 3m
2
 plot centered on the nest site.  Within 
each plot percent cover of forbs, seedlings, grasses and sedges, garlic mustard (Allaria petiolata), 
wood nettle (Laportea canadensis), ferns, vines, and shrubs were visually estimated. Overstory basal 
area, canopy openness, and snag abundance were also determined. Canopy openness was determined 
from each corner of the 3m
2
 plot using a spherical densitometer.  Overstory basal area and the number 
of snags were determined using a 10-factor prism.  All “in” trees were examined for cavities and the 
number of usable cavities was recorded. The volume of CWD was determined using the line-intercept 
method (Waddell 2002) along 4-5m transects running in each cardinal direction. All CWD crossing 
the transect that was at least 1m in length and 10cm in diameter was measured, see Chapter 2. The 
volume of CWD was calculated following the methodology presented in McGee et al. (1999) and the 
level of decay was classified based on the methodology used by Stephens and Moghaddas (2005) 
(Table 1).  The straight-line distance from the nest site to the trap in which the mouse was caught was 
also recorded. 
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RESULTS 
Due to small sample sizes, we were unable to statistically analyze the data.  As a result, only 
descriptive summary results are presented. 
 In 2009, we placed cocoons on 26 individuals and successfully tracked 9 mice, all adults (5 
males, 4 females), to their nest sites for a recovery rate of 34.6%. Of the located nest sites, 7 were 
ground nests and 2 were arboreal (Table 2).  All tracked mice were originally trapped in the burned 
area; however, 1 nest site was located in the control (Table 2).  In 2009, 2 mice were visually 
observed entering a nest site both of which were ground nests, 1 in each treatment.  In 2010, we 
successfully tracked 23.3% of the mice (17 of 73) of which 16 were adults (9 males, 7 females) and 1 
was a juvenile. Of the located nest sites, 16 were ground nests and 1 was arboreal (Table 3).  13 of the 
tracked mice were originally trapped in the burned area and 4 were originally trapped in the control 
(Table 3).  All nest sites were located in the same site as the mouse was originally trapped. 
Table 2. Nest site locations (site) and type (ground or arboreal) by mouse in 2009 
Mouse ID Age Sex 
Nest 
Type Site Trapped Site Located 
94/95 A M Ground B3 B3 
100/101 A F Ground B3 B3 
111/112 A M Arboreal B2 B2 
225/226 A F Ground B2 B2 
245/246* A M Ground B3 B3 
245/246* A M Ground B3 B3 
255/256 A F Arboreal B1 B1 
272/273 A F Ground B1 B1 
283/284 A M Ground B1 C 
*Same mouse tracked to 2 different ground nests on different occasions with different backpacks 
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Table 3. Nest site locations (site) and type (ground or arboreal) by mouse in 2010 
Mouse ID Age Sex Nest Type Site Trapped Site Located 
662/663 A M Ground B1 B1 
652/653 A M Ground B2 B2 
628/629 A M Ground B1 B1 
618/619 J F Ground B1 B1 
723/724 A M Ground B2 B2 
644/645 A M Ground B3 B3 
646/647 A M Ground B3 B3 
750/751 A F Ground B3 B3 
712/713 A M Ground C C 
759/760 A F Ground C C 
626/627 A F Ground C C 
719/720 A M Ground B3 B3 
677/678 A F Ground B2 B2 
626/627 A F Ground C C 
761/762 A F Arboreal* B1 B1 
660/661 A M Ground B1 B1 
808/809 A F Ground B3 B3 
*Same arboreal nest used by 255/256 in 2009 
 
Microhabitat Differences between Treatments 
 In total, 2009 and 2010 combined, 21 nests were located in the burned area and 5 were 
located in the control.  Basal area across treatments ranged from 6.8 to 33.8 m
2
/ha with an average of 
22.6 m
2
/ha with canopy cover ranging from 32.4-94.3% closed (Table 4). The basal area in the 
control ranged from 15.8-29.3 m
2
/ha with an average of 22.5 m
2
/ha and canopy cover ranged from 
57.4-89.6% closure (Table 4). Volume of CWD ranged from 0-13.4 m
3
ha
-1 
in the burned area and 
from 3.6- 197.9 m
3
ha
-1 
in the control (Table 4). Understory cover was dominated by forbs in both the 
burned and control areas with percent cover ranging from 18-144.3% (average= 52.9%) and 7.5-
58.3% (average=32.8%), respectively (Table 5). 
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Table 4. Average canopy characteristics by site and treatment for 2009 and 2010 combined 
Site 
Number 
of Nests 
Basal Area 
(m
2
/ha) 
Number of 
Individual 
Snags 
Canopy 
Cover (%) 
CWD Volume 
(m
3
ha
-1
) 
Mode 
CWD 
Decay 
B1 7 26.0 1 75.19 3.6 3 
B2 5 26.6 0.8 75.92 9.8 3 
B3 9 17.8 1.1 71.23 13.9 2 
Burned* 21 22.6 1 73.67 9.5 3 
Control 5 22.5 2.4 78.94 68 2 
* Burn treatment was calculated by averaging B1, B2, B3 
 
Table 5. Average understory percent cover of each cover group by site and treatment for 2009 and 
2010 combined 
 Site 
Number 
of Nests Forb Seedling 
Grass and 
Sedge 
Garlic 
Mustard 
Wood 
Nettle Fern  Vine Shrub 
B1 7 77 6.4 2.9 2.4 7.6 0.04 3.9 20.5 
B2 5 34.9 1.3 0 3.5 44.8 0 0.3 6.7 
B3 9 44.2 2.1 0.5 8.7 20.8 1.0 4.4 10.7 
Burned* 21 52.9 3.3 1.2 5.4 22.1 0.4 3.3 13.0 
Control 5 32.8 2.2 0 3.5 45.6 0.6 3.8 5.0 
* Burn treatment was calculated by averaging B1, B2, B3 
 
Microhabitat Differences between Nest Site Type 
 In total, 2009 and 2010 combined, 3 nest sites were arboreal and 23 were ground nests 
(Tables 6 and 7). However, 2 of the 3 arboreal nests were located in the same cavity only in different 
years.  The third arboreal nest site was only used in 2009 and was no longer standing in 2010.  
Table 6. Average canopy characteristics by nest site type for 2009 and 2010 combined 
 Nest 
Type 
Number 
of Nests 
Basal 
Area 
(m
2
/ha) 
Number of 
Snags 
Canopy 
Cover 
(%) 
CWD 
Volume 
(m
3
ha
-1
) 
Mode CWD 
Decay 
Arboreal 3* 20.3 0.8 81.7 8.0 4 
Ground 23 22.9 1.4 73.8 22.3 2 
* 2 of the nest site locations were the same 
 
Table 7. Average understory percent cover of each cover group by nest site type for 2009 and 2010 
combined 
Nest 
Type 
Number 
of Nests Forb Seedling 
Grass and 
Sedge 
Garlic 
Mustard 
Wood 
Nettle Fern Vine Shrub 
Arboreal 3* 79 5.8 0.4 3.3 36.3 0 0.8 25.4 
Ground 23 45.1 2.7 1.0 5.2 25.3 0.5 3.7 9.7 
* 2 of the 3 nest site locations were the same 
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DISCUSSION AND CONCLUSION 
 The small sample sizes were a result of mechanical problems, i.e. problems with the cocoons, 
rather than mouse abundance, see Chapter 3. Specifically, all unrecovered nest sites were a result of 
either the string breaking prior to the nest site being located, the cocoon falling off or being chewed 
off, the string ending prior to locating the nest site, or the string was unable to be located.  The 
majority of the failures in 2009 were a result of the cocoon falling off or being chewed off prior to 
locating the nest site (73%). In 2010, the majority of the tracking failures were a result of the cocoon 
falling off or being chewed off prior to locating the nest site (36%) or the string ending prior to the 
nest site being located (43%). The high rates of failure from the cocoons falling off appeared to be a 
result of precipitation.  Specifically, if the interior of the cocoon got wet the string would fall out of 
the tape covering; similarly, if the mouse was wet the glue would not stick and the cocoon would fall 
off.  The high rates of string ending prior to locating the nest sites in 2010 is probably a result of 
shortening the string in an attempt to increase sample size.  
 Although our success rates were low, this method does provide an inexpensive, quick way to 
track mouse movements.  This method would also be useful in detecting mouse movements across a 
landscape as it provides a continuous track of known distance. Specifically, the proportion of distance 
traveled across each substrate could be easily quantified over short distances. In order to improve the 
recovery rate we recommend eliminating all unnecessary movement within the study site prior to 
tracking the string, utilizing the longest string length possible, and keeping the backpacks dry.  
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Treatment 
(Control)   Year (2010)   Shrub Cover   
Understory 
Cover   CWD Volume 
Model Estimate SE   Estimate SE   Estimate SE   Estimate SE   Estimate SE 
Year+SC 2.72 16.00 
 
-29.53* 11.15 
 
1.25* 0.82 
      Year+VC -5.22 23.80 
 
-15.32* 5.95 
       
0.41 0.52 
Year+SC+VC -22.08 25.66 
 
-40.21* 13.93 
 
1.81* 0.91 
    
0.87* 0.72 
Year+UC+VC 39.63* 15.50 
 
-14.97* 0.32 
    
0.12* 0.00 
 
-1.31* 0.06 
Year+UC 4.78 11.19 
 
-18.72* 3.47 
    
0.09* 0.03 
   Year+UC+SC 2.51 11.92 
 
-30.14* 7.42 
 
0.93* 0.62 
 
0.09* 0.03 
   SC 7.48 24.28 
    
-0.62* 0.47 
      VC 7.77 33.91 
          
-0.07 0.71 
Year+UC+SC+VC 34.14* 18.62 
 
-17.84* 6.07 
 
0.19 0.41 
 
0.12* 0.02 
 
-1.12* 0.38 
UC+SC 7.98 16.21 
    
-1.47* 0.43 
 
0.14* 0.05 
   SC+VC 14.72 33.55 
    
-0.68* 0.51 
    
-0.26 0.83 
UC 5.65 27.76 
       
0.02 0.06 
   UC+SC+VC 16.20 20.46 
    
-1.51* 0.46 
 
0.15* 0.05 
 
-0.31 0.44 
UC+VC 49.04* 43.51               0.04 0.08   -1.62* 1.16 
˚Treatment and Treatment|Site, the random effect variable, were included in all models  
*Significant variable within the model  
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APPENDIX D 
MODEL RESULTS FOR MOUSE ABUNDANCE ESTIMATION FROM PROGRAM MARK 
FOR EACH YEAR AND TRAPPING SESSION 
 
2009   2010 
Session 1 (6/6-6/10) 
Model˚ AICc ΔAICc AICc Weight   Model AICc ΔAICc AICc Weight 
Mth 116.01 0 0.49 
 
Mt* 166.17 0 0.83 
Mt 117.67 1.66 0.22 
 
Mth 170.90 4.73 0.08 
Mtbh 117.76 1.74 0.21 
 
Mtb 171.25 5.08 0.07 
Mtb 119.52 3.51 0.09 
 
Mtbh 172.88 6.71 0.03 
Mb 156.13 40.12 0 
 
Mo 179.32 13.16 0.001 
Mbh 156.90 40.89 0 
 
Mb 180.07 13.91 0.001 
Mo 167.14 51.13 0 
 
Mh 180.53 14.37 0.001 
Mh 168.15 52.13 0   Mbh 181.91 15.74 0.0003 
         Session 2  (6/26-7/1) 
Model AICc ΔAICc AICc Weight   Model AICc ΔAICc AICc Weight 
Mh 91.61 0 0.56 
 
Mtbh 155.80 0 0.97 
Mbh 93.45 1.84 0.22 
 
Mth 162.71 6.92 0.03 
Mth 94.31 2.71 0.15 
 
Mbh 177.82 22.03 0.00002 
Mtbh 95.89 4.28 0.07 
 
Mh 182.70 26.91 0 
Mo 101.90 10.29 0.003 
 
Mt 185.53 29.73 0 
Mb 103.79 12.18 0.001 
 
Mtb 189.39 33.59 0 
Mt 104.89 13.28 0.001 
 
Mb 193.11 37.31 0 
Mtbh 106.83 15.23 0.0003   Mo* 200.70 44.90 0 
         Session 3 (7/26/-7/31) 
Model AICc ΔAICc AICc Weight   Model AICc ΔAICc AICc Weight 
Mt 74.33 0 0.36 
 
Mbh 197.88 0 0.64 
Mth 74.64 0.31 0.31 
 
Mtbh 200.99 3.11 0.14 
Mtb 75.77 1.44 0.18 
 
Mth 201.97 4.08 0.08 
Mtbh 76.18 1.85 0.15 
 
Mb 202.00 4.11 0.08 
Mb 85.42 11.09 0.001 
 
Mtb 204.37 6.48 0.03 
Mbh 86.96 12.63 0.001 
 
Mt 205.35 7.46 0.02 
Mo 117.04 42.71 0 
 
Mh 206.42 8.54 0.01 
Mh 117.97 43.64 0   Mo* 208.14 10.25 0.004 
˚Mo=Constant capture probability, Mt=Variation by time, Mb=Behavioral response, 
Mh=Heterogeneity, Mbh= Behavioral response with heterogeneity, Mth=Time effects with 
heterogeneity, Mtb= Time effects and behavioral response, Mtbh=Time effects, behavioral response, 
and heterogeneity 
*Model was eliminated from model averaging due to inadequate standard errors 
